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ABSTRACT 
 
 
Self-assembled monolayers (SAMs) are organized molecular assemblies that are formed 
by spontaneous adsorption of a compound in solution to a surface (e.g. alkanethiols on 
gold). The design, preparation, and characterization of several self-assembled monolayers 
and multilayers on surfaces (gold, indium tin oxide and quartz) are described. The 
systems were chosen based on their ability to form ordered films and to perform a given 
device function. SAMs were fabricated with selected functional groups at the air-
monolayer interface, capable of complexing metal ions (e.g. dicarboxypyridine, 
dicarboxybenzene, imidazole, 4-hydroxypyridine) with the purpose of using these SAMs 
to construct multilayered films. Deposition of a second layer consisting of metal ions 
(e.g. Cu(II), Co(II) and Fe(III)), occurs by non-covalent metal ligand binding interactions 
between the metal ion layer and the different organic ligands on the surface. Deposition 
of subsequent layers was achieved by the incorporation of the appropriate organic ligands 
and metal ions. These monolayers and multilayered films were characterized by contact 
angle measurements, ellipsometry, grazing angle FT-IR, cyclic voltammetry and 
impedance spectroscopy following deposition of each layer on the film.   
Electrochemical analysis of the multilayered films shows alternating 
insulating/conducting behavior (cyclic voltammetry) and alternating changes in films 
capacitance (impedance spectroscopy) depending on the outermost layer of the film. 
Films capped with an organic layer show low conductivity, while films capped with a 
metal layer show conducting behavior. The electrochemical behavior of the films is 
related to the degree of “leakiness” or electrolyte solution permeation through the film, 
which is high for films with metal layers as the top layer and decreases once the film is 
capped with an organic layer. 
The alternating conducting/insulating behavior of the films allows for fabrication of 
multilayered thin films of variable thickness and tunable conducting properties. Ordered 
films were fabricated with up to seven layers of dicarboxypyridine and Cu(II), and 4-
hydroxypyridine and Fe(III) metal-ligand units. The construction of these films provides 
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an example of molecular films that could function as molecular wires or junctions due to 
their controllable electrochemical properties. 
Photocurrent generating films were fabricated by incorporation of chromophore groups 
(e.g. pyrene, porphyrins) into the multilayered structures. These films generate cathodic 
or anodic current upon photoexcitation of the chromophores.  
The monolayers functionalized with different organic ligands were also used to study 
lanthanide complexation on the surfaces. Successful deposition of different lanthanide 
ions was achieved from DMSO solutions.  
Monolayers of a bicyclic structure, 4, 7, 13, 16-tetraoxa-1,10,21-triaza-bicycle[8.8.5] 
tricosane-19,23-dione, attached to a hexadecanethiol molecule were used to study the 
ability of metal ion detection on the surface using electrochemical (cyclic voltammetry 
and impedance spectroscopy) techniques. The SAMs show higher complexation affinity 
for Li+ than for Na+ or K+. 
Preliminary studies were also carried out to investigate the ability of different SAMs to 
cell adhesion interactions. Future experiments will help elucidate a systematic relation of 
cell adherence and the bulk and molecular-level properties of the functionalized surfaces. 
The different multilayered films described in this dissertation served as preliminary 
models for different molecular scale device applications. Current work is focused in the 
design and preparation of more efficient photocurrent generating films, highly selective 
sensors for different types of ions, surfaces for cell adhesion and microbial interactions, 
and the study of other potential applications such as the design of micro and nanofluidic 
devices.  
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Nanotechnology has become one of the most promising fields of scientific research in the 
last 15-20 years. The roots of nanotechnology are dated back to Richard Feynman’s 
lecture “There is plenty of room at the bottom”, which he gave in 1959.1 Feynman 
proposed the idea that single molecules could be manipulated and controlled to fabricate 
carefully designed systems. In 1965, Gordon Moore made the observation that the 
number of transistors per integrated circuit was growing exponentially as a function of 
time, and predicted that this trend would continue2. This statement has since been known 
as Moore’s law and it has raised interest in the design of smaller and more efficient 
electrical components, and in the effect of building electrical components at the 
nanoscale level. 
 
In the 1980’s nanotechnology started to grow at a faster pace and to gain the attention of 
the general public. Probably the major scientific accomplishment at this time was the 
work of Binnig and Rohrer, who in 1981 registered a patent for the first scanning 
tunneling microscope (STM)3. A STM allows the imaging of conductive materials with 
atomic resolution. The importance of their work was immediately recognized and they 
both were awarded the Nobel Prize in Physics in 1986. Today, scanning probe 
microscopes –the term includes both the STM and the atomic force microscope or AFM 
that allows imaging of non-conductive materials- are important analytical tools employed 
in the study of nanoscale systems. In 1986, Eric Drexler published a book entitled 
“Engines of Creation”4, based on the original lecture by Feynman, and proposed the 
fabrication of nanomachines that will be capable of performing an incredible number of 
tasks, virtually revolutionizing our current way of life. Drexler’s book introduced the first 
definition of nanotechnology as a term used to describe the idea of building factories 
operating with nanomachines that would be able to make products with atomic precision, 
using high quality materials, at low cost, and environmentally safe. This original 
definition of nanotechnology is also known as molecular manufacturing. “Engines of 
Creation” is not entirely scientific in its content, and its major impact was to introduce 
this emergent field and its possible implications to a general audience. Drexler’s ideas 
have not been entirely accepted by scientists actively working in the field. Currently, a 
more accepted definition of nanotechnology is the study of systems and design of 
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products with significant features less than 100 nanometers in size. The different methods 
of approaching the design and fabrication of these products and its wide range of 
potential applications, makes nanotechnology an exciting interdisciplinary science. 
 
There are two methods to accomplish fabrication of nanoscale devices, the bottom-up and 
the top-down approach. Top-down approach refers to building a nanoscale device starting 
from a bulk material and removing parts of the material to obtain a smaller product. 
Photolitography and photopatterning are examples of top-down procedures. The bottom-
up approach consists on building a device starting from individual molecules that come 
together to make a device according to different forces of attraction that act between 
them. Electroplating, chemical vapor deposition and more importantly self-assembly are 
good examples of bottom-up methods to fabricate nanodevices. Self-assembly refers to a 
type of synthesis, called convergent synthesis, in which molecules arrange in a specific 
order determined by the natural interactions taking place between the components of the 
system. The process yields structures where the position and arrangement of the 
components is critical for the functionality of the device.  An example of self-assembly 
occurs in the preparation of ultrathin organic films, which is the main topic of the present 
dissertation. 
 
Molecular-scale devices based on thin films assembled on surfaces have been an 
extensively exploited area of research. The most common thin films currently in use are 
called self-assembled monolayers (SAMs), or if built on a conductive substrate they are 
also known as chemically modified electrodes (CMEs). The study of thin films on 
surfaces is not new, and extensive reviews and books exist regarding the type of films 
that have been studied and the array of analytical tools available for surface 
characterization5-8. The first reported example of such kind of assemblies was the 
Langmuir-Blodgett (LB) film. LB films consist of single or multiple layers of 
amphiphilic organic molecules organized at a water-air interface. The design of such 
films was reported by Agnes Pockels in the 19th century9. In 1917, Langmuir reported the 
first systematic study of monolayers of amphiphilic molecules at the water-air interface10. 
His work was followed by Blodgett who in 1934 reported the first study of deposition of 
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multilayers of long chain carboxylic acids onto a solid substrate11. Since then, LB films 
have been studied intensively5. The main disadvantage of LB films is their lack of 
mechanical stability and the limitations on the type of molecules that can be assembled at 
the water-air interface. 
 
Self-assembled monolayers (SAMs) represent a different approach to the fabrication of 
nanoscale films on surfaces for device applications. SAMs are films prepared by 
spontaneous adsorption and subsequent organization of organic molecules on a surface. 
Figure I.1 shows a schematic representation of SAM formation. A molecule with a head 
group with high affinity for a specific surface is chemically attached to the substrate. The 
backbone structure helps directing the arrangement and orientation of the film on the 
surface through different type of interactions (i.e. attraction between long alkane chains, 
hydrogen bonding). The air-monolayer interface group can be chosen according to the 
specific application of the film, e.g. a chromophore group for photochemical applications 
or a metal-binding molecule for selective detection of ions. 
 
The first report of SAMs was published in 1946 by W. Zisman12. He and his 
collaborators prepared monolayers by adsorption of a surfactant onto a clean platinum 
surface. His work did not initially generate significant interest and the study of self-
assembled films grew slowly. Subsequent reports by other groups described the 
preparation of chlorosilane films on glass. The importance of spontaneous adsorption of 
films onto surfaces was recognized after Nuzzo and Allara found that monolayers of 
alkanethiols on gold can be prepared by adsorption of di-n-alkyl disulfides from dilute 
solutions13. Since then, the study of self-assembled monolayers and multilayers has been 
useful for a significant number of applications. Alkanethiols on gold are one of the best 
examples of SAMs. It is known that sulfur forms a relatively strong bond with gold and 
that high-coverage thiol phases on the surface are based on a (√3x√3)R30° overlayer (R = 
rotated). The alkane molecules help creating a well-ordered, robust film on the surface by 
interactions between adjacent chains aligned at ~30 degree angle with respect to the 
normal to the surface, adopting a secondary ordering corresponding to a c(4 x 2) 
superlattice8. Functionalization of alkanethiols on the opposite end of the chain with 
 21
respect to the SH group allows the incorporation of different motifs on the surface, which 
are selected depending on specific applications. SAMs of modified alkanethiols have 
been proposed for a broad range of applications such as microelectronics14, sensor 
devices15, biochemical research16, adhesion and friction related problems17, patterned 
films for different uses like fabrication of microelectrodes and directed adsorption of 
proteins and controlled attachment of cells18, 19, anchoring of liquid crystals20, 
electrochemical and corrosion related problems21, 22. The particular stability of SAMs of 
alkanethiols on gold and the wide range of analytical tools available for characterization 
makes them a suitable system for study of potentially useful devices. However, despite 
their ease of fabrication and characterization, SAMs of alkanethiols on gold are not the 
only possible system and in some cases it is possible to obtain more useful systems by 
assembly of molecules on surfaces other than gold. Other examples of SAMs include 
adsorption of alkanethiols on other noble metal surfaces (copper and silver), alkanethiols 
on mercury, alkyltrichlorosilanes and triethoxysilanes on quartz and indium tin oxide 
(ITO), amines and carboxylic acids on ITO.  
 
This dissertation is related to the study of self-assembled monolayers and multilayers on 
gold, and to a certain extent on other surfaces, for device applications. Self-assembled 
monolayers of functionalized alkanethiols on gold surfaces, and alkyltrichlorosilanes and 
triethoxysilanes on quartz and ITO were prepared by standard procedures. These SAMs 
were used without further modification in some applications, and were also modified by 
incorporation of multiple layers assembled on the surface by non-covalent metal-ligand 
interactions. Figure I.2 shows an example of a multilayered film formed by sequential 
adsorption of inorganic and organic layers.  Fabrication of these multilayers was based in 
the previous work by MacDonald23 who showed that complexation of metal ions such as 
Cu(II) and other transition metals with 4-pyridyl-2,6-dicarboxylic acid and 4,4’-bipyridyl 
2,2’6,6’ tetracarboxylic acid ligands results in the formation of stable complexes in which 
the metal ion is fully encapsulated between two of the ligands. 
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Figure I.1: Self-assembled monolayers are formed by immersing a substrate into a 
solution of the surface-active material. A SAM contains four parts: a substrate, a surface 
active head-group, a backbone structure and an air-monolayer interface group. 
 
 
The fabrication of these multilayered devices led to an extensive characterization study of 
the films properties after deposition of each layer. Characterization of the modified 
surfaces was accomplished by contact angle measurements, ellipsometry, grazing angle 
FT-IR spectroscopy, fluorescence spectroscopy, electrochemistry, quartz crystal 
microbalance, and atomic force microscopy. Incorporation of different organic 
functionalities allowed the study of these films for different applications such as 
photocurrent generating films, multilayered films for molecular wires, lanthanide 
complexation, lithium ion sensors, and cell adhesion studies. 
 
This work will be presented in three major sections as follows; General Methods and 
Materials, Results and Discussion, and Preliminary Work. The General Methods and 
Materials section will present a short description of each analytical technique used in the 
study of the monolayers and multilayers and a description of the experimental procedure 
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followed to characterize different samples. The Results and Discussion will be 
subdivided for each particular application studied for monolayers and multilayered films, 
and each chapter will contain an introduction, a discussion of the results obtained, 
conclusions, future work and specific experimental details. The Preliminary Work 
chapter describes initial results of characterization techniques (fluorescence 
spectroscopy) and applications (cell adhesion studies) of self-assembled monolayers and 
multilayers. 
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Figure I.2: An example of a self-assembled multilayer on gold. A monolayer with an 
organic ligand (4-pyridyl-2,6-dicarboxylic acid) as air-monolayer interface group is 
immersed in a solution of a metal ion (i.e. CuBr2) and then in a solution of an organic 
ligand (4,4’-bipyridil 2,2’6,6’ tetracarboxylic acid). Multilayers with more than three 
layers are built upon sequential deposition of additional metal ion and organic ligand 
layers. 
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II.  GENERAL METHODS AND MATERIALS 
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II.1 Syntheses and General Characterization Methods of Organic Compounds 
 
Most of the compounds used in the preparation of monolayers and multilayers were 
synthesized in the laboratory, and their syntheses are described in the experimental 
details section of Results and Discussion (Chapter III). Reagents and solvents were 
purchased from Aldrich (Milwaukee, WI) and used as received unless otherwise stated. 
Amino acids and resins for solid phase peptide synthesis were purchased from 
Calbiochem-Novabiochem (San Diego, CA). 
 
1H-NMR and 13C-NMR spectra were obtained with a 400 MHz Bruker Avance NMR 
spectrometer in deuterated chloroform solutions unless otherwise noted. All chemical 
shifts (δ) are expressed in ppm with respect to tetramethylsilane (TMS). Mass spectra 
were performed by Synpep Corporation (Dublin, CA). ATR FT-IR spectra were obtained 
with a Nexus FT-IR model 670 spectrometer. UV-Vis absorption spectra were obtained 
with a Shimadzu UV2100U UV-Vis spectrophotometer. Melting points were measured in 
a Mel-temp capillary melting point apparatus and are not corrected. 
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II.2 Preparation of Self-Assembled Monolayers and Multilayers 
 
 
The results that will be discussed include the use of self-assembled monolayers of 
alkanethiols and peptides on gold and self-assembled multilayers prepared by alternate 
chemisorption of organic and inorganic compounds. In addition, preliminary work was 
done on the preparation of multilayered structures on quartz and ITO substrates.  Figure 
II.1 shows a schematic representation of film preparation on any substrate. Commercially 
available organic compounds were purchased from Aldrich unless otherwise stated. All 
transition metal salts used in the preparation of multilayers were purchased from Aldrich. 
Lanthanide metal salts were purchased from Strem Chemicals (Newburyport, MA).  All 
analytical grade solvents used in the preparation of monolayers and multilayers were 
purchased from Aldrich and used as received. 
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Figure II.1: Schematic representation of multilayer formation. First, a self-assembled 
monolayer is prepared from solution through specific chemisorption of an X group to a 
substrate. For multilayer formation, the air-monolayer interface group contains chelating 
groups that complex different metals (M) to provide a second layer. This second layer 
can be capped with another organic compound, Y, (chosen according to device 
functionality) that is mono or disubstituted with a ligand. Disubstituted compounds allow 
for formation of multiple layers based on metal ligand interactions. 
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II.2.1 Films on Gold 
 
Self-assembled monolayers of alkanethiols on gold can be prepared from practically any 
organic solvent; the selection often depends on the relative solubility of the compounds. 
The only restriction is with some long-chain alkanes such as hexadecane, which do not 
form high quality layers, probably because the monolayer becomes contaminated with 
solvent molecules. Methanol and ethanol are the two most commonly employed solvents 
for SAM preparation. A millimolar solution (less than 5 mM) is typically used to prepare 
well-packed monolayers. Unsubstituted alkanethiols are known to self-assemble in very 
short periods of time (a few minutes), although long immersion times (12-24 hours) are 
recommended to attain high surface coverage and formation of well-packed monolayers6, 
24. Self-assembly processes of thiols on gold surfaces take place in two steps, first a 
diffusion-controlled Langmuir adsorption on the surface (fast step) followed by a slow 
reorganization of the compound on the surface and formation of a well-packed monolayer 
(surface crystallization process) by van der Waals interactions between adjacent alkane 
chains. Long exposure times are convenient to allow for the slow reorganization process 
to take place, and also to provide higher surface coverage by filling all possible defect,.-
sites of the SAM. Monolayers of alkanethiols bearing organic functional groups can also 
self-assemble in a similar process, but the required deposition times are usually longer 
since the size of the headgroups slow the surface packing rearrangement, and in some 
cases (extremely bulky headgroups) can potentially lead to formation of poorly packed 
monolayers.  
 
Research on monolayer formation from the gas phase in the complete absence of oxygen, 
suggests that thiols are oxidized on metal surfaces producing surface-bound thiolates with 
evolution of molecular hydrogen. The experiment was carried out in the absence of 
oxygen to facilitate detection of hydrogen. 
Au + RSH     →       Au-SR + ½ H2 
Most monolayers are prepared in solution, and in this situation there is the possibility of 
hydrogen gas formation but also of oxidation giving water. Disulfides are also commonly 
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used and the adsorption produces thiolate species too, in this case by rupture of the S-S 
bond.6, 7 
 
Self-assembled multilayers on gold are obtained by sequential deposition of the different 
components of the multilayered structure. For example, 1,ω-alkanedithiols are known to 
spontaneously form multilayers under proper experimental conditions (highly 
concentrated solutions and long exposure times to the gold substrate in solution)25, 26. 
Self-assembly of inorganic-organic multilayered structures have been reported by several 
authors27-33. The procedure is straightforward and it involves dipping the substrate in 
different solutions containing the required components, with careful rinsing and drying 
cycles each time that the substrate is changed from one solution to the next. 
 
Experimental 
Self-assembled monolayers and multilayers were prepared on four different types of gold 
substrates. The procedure for preparation of the films is similar for all four substrates, but 
the methods of substrate preparation are slightly different. 
 
(i)  EMF Gold slides  
 
Gold slides were purchased from Evaporated Metal Films (EMF, Ithaca, NY). The slides 
have dimensions of 25 mm x 75 mm x 1 mm of float glass with cut edges and are coated 
with 5 nanometers of chromium or titanium followed by 100 nanometers of gold. The 
substrates were cut in different sizes according to experimental needs. EMF slides were 
used for characterization of films by ellipsometry, contact angle, electrochemistry (cyclic 
voltammetry and impedance spectroscopy), photoelectrochemistry, FT-IR, X-ray 
photoelectron spectroscopy (XPS), fluorescence spectroscopy and atomic force 
microscopy (AFM). 
 
The slides were immersed in a piranha solution (70% sulfuric acid/30% hydrogen 
peroxide) at 90°C for 10-15 minutes in order to provide a clean surface. The slides were 
rinsed with water, ethanol, methanol, and dried with a stream of nitrogen. Slides were 
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used immediately after cleaning to avoid surface contaminants. In order to avoid surface 
contamination and/or scratching of the surface it is recommended to always handle the 
samples with gloves and Teflon-coated tweezers. Monolayers of ω-substituted 
alkanethiols were prepared by immersing the clean gold slides in a 1-2 mM ethanol 
solution of the desired compound for at least 6-8 hours. Monolayer formation was 
monitored by cyclic voltammetry, to determine the optimal period of time to achieve 
maximum surface coverage. The films were rinsed with ethanol and dried with nitrogen 
before any characterization step or before transferring the substrate to another solution to 
continue with multilayer preparation. Formation of multilayers was attained by sequential 
deposition of films in a 1-3 mM solution of the metal salt or the organic ligands in a 
solvent chosen according to solubility parameters and experimental evidence (cyclic 
voltammetry) of rapid deposition of a new layer. 
 
(ii) Flame-annealed gold slides 
 
Flame-annealed gold slides were used for detailed AFM characterization, which requires 
the use of very smooth surfaces. Gold slides were purchased from Arandee (Werther, 
Germany). The slides have dimensions of 11x11 (±0.2 mm) and consist of a borosilicate 
glass substrate of 1.1±0.1 mm thickness, coated with a chromium layer of 2.5±1.5 nm 
thickness, on which a gold layer of 250±50 nm thickness is deposited. The slides were 
first cleaned with piranha solution. The clean substrates were flame-annealed 
immediately before SAM preparation. A butane flame was used to flame-anneal the 
surface without evaporation of the gold. The gold slide was heated for a few seconds, 
once the gold glows red (it is best to work in a dark room to clearly observe the gold 
surface glowing) the substrate was heated for additional ten seconds, and then the flame 
was immediately removed from the substrate. The slide was cooled for ~30 seconds and 
then the heating-cooling procedure was repeated twice. Monolayer and multilayer 
preparation on these gold substrates was done following the same procedure as with EMF 
substrates. (Note: Flame annealing of gold substrates from EMF did not provide 
sufficiently flat surfaces as revealed by atomic force microscopy images). 
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(iii) Analytical gold electrodes 
 
Analytical gold electrodes for electrochemical characterization were made in the 
laboratory using 2 mm diameter gold (99.999%, Aldrich), and following the procedure of 
Maran34. Silicon carbide papers (400, 1200 and 4000), micro cloth pads and polishing 
paste of different particle size (6, 3, 1 and ¼ microns) were purchased from Struers 
(Cleveland, OH). The electrodes were built with the gold wire (~0.5 cm length) soldered 
to a Cu wire, both sealed in glass tubing. The gold electrode surface was polished by 
using silicon carbide papers and then diamond polishing pastes. The electrodes were 
stored in ethanol.  
 
The electrodes were mechanically hand polished before attempting monolayer formation 
on the gold surface. The electrodes were polished starting with the resin of highest 
micron size (4 microns)  and continued until using the smallest micron size resin and the 
electrode looks perfectly polished (shiny and scratch-free). The electrode is polished by 
rubbing it against resin on an appropriate polishing cloth (use isopropanol to wet the 
cloth’s surface). Carefully controlled movements are required to polish the electrode, 
maintaining it perpendicular to the surface. After polishing with a specific type of resin, 
the electrode was washed with isopropanol, and cleaned by placing the electrode in a tube 
filled with isopropanol in a sonicator for a few seconds. The electrode was dried with air. 
The process was repeated with the same or a lower micron size resin. After the last 
polishing step is done the electrode was sonicated in isopropanol with charcoal for 10 
minutes. The electrode was washed with isopropanol and dried with nitrogen (it has to be 
completely dry from isopropanol or acetone to avoid additional electrochemical signals). 
The electrodes were further treated by collecting CVs from  -0.4 to +0.5 V vs SCE in a 
0.5 M sulfuric acid solution, to remove oxides deposited on the gold surface until 
reproducible CVs were attained. Monolayer and multilayer formation was accomplished 
following the same procedures used with the EMF and Arrandee gold substrates. 
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(iv) Gold substrates for QCM 
 
Gold substrates for quartz crystal microbalance experiments were purchased from 
Maxtec, Inc. (Santa Fe Springs, CA). The procedure for cleaning the substrates and 
monolayer preparation is presented in section II.8.1. 
 
II.2.2 Films on Quartz 
 
SAMs on quartz are usually prepared from solutions in hexadecane. Quartz surfaces 
completely repel hexadecane allowing for higher interactions between the compound and 
the surface35. Formation of well-packed monolayers on surfaces as quartz is more 
difficult to achieve than in the case of organosulfur compounds on metal surfaces. 
Surface morphology and reaction conditions affect the reproducibility in the formation of 
good monolayers with high surface coverage. For example, while some authors report the 
formation of monolayers of alkyltrichlorosilanes in less than 3 minutes36, others suggest 
over 24 hours37; the amount of water in solution affects both the reaction on the surface 
and the side polymerization reaction in solution37-39, likewise temperature plays a role in 
monolayer formation because of the competition between reactions on the surface and in 
solution36. 
 
The process of trichlorosilanes and triethoxysilanes self-assembly on silica surfaces 
consists in the in situ formation of polysiloxane, which forms Si-O-Si bonds with silanol 
groups6. The presence of water is important to provide a hydroxylated silanol surface, 
although incomplete monolayers can be prepared in the absence of water37, 39. 
Monochlorosilanes and dichlorosilanes can also be used for surface modification, but the 
quality of the films is poor because the compounds are less reactive, and the process that 
takes place with these compounds is covalent attachment and not the horizontal self-
assembly polymerization. Other processes that can interfere are covalent attachment of 
trichlorosilanes and vertical polymerization.40 The horizontal self-assembly 
polymerization process refers to the formation of siloxane bonds between adjacent 
alkylchlorosilanes chemisorbed on the surface. Vertical polymerization refers to 
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formation of siloxane bonds starting from a molecule adsorbed on the surface, and 
continuing with reaction of alkylchlorosilanes that do not have any bond to the surface.  
Although hexadecane is a common solvent for monolayer preparation, its use is often 
limited by the solubility of the compound. Other suitable solvents are carbon 
tetrachloride and toluene. 
 
Multilayers on silicon dioxide surfaces have also been reported. Vertical polymerization 
is an undesirable process to produce multilayers because the film is highly disordered and 
there is no control of the multilayer formation. There is the possibility of building 
multilayers by chemically modifying the monolayer surface to a hydroxylated one, for 
example monolayers of alkyltrichlorosilanes terminated with an ester group can be 
reduced with LiAlH4 to give hydroxyl groups that serve for the deposition of another 
layer. The process of surface “activation” and monolayer deposition can be repeated up to 
25 layers.41 The possibility of surface modification by using ω-substituted alkyl silanes 
allows for preparation of multilayered films of alternate organic and inorganic (or 
organometallic) components in a similar process as multilayered films on gold.42 
However, trichlorosilanes derivatives are difficult to purify, highly moisture sensitive, 
and tend to quickly polymerize in solution yielding insoluble materials. 
 
Experimental 
Quartz slides were purchased from Quartz Plus, Inc. (Brookline, NH). The slides have 
dimensions of 9x18x0.18 mm and are made from optical-grade fused quartz. The quartz 
substrates were cleaned by rinsing them with methanol, then water and finally dried them 
with nitrogen. Monolayers and multilayers were prepared by a similar procedure used for 
films on gold. ω-Alkyltrichlorosilanes polymerize in solution after a few days and fresh 
solutions have to be used. 
 
 
II.2.3 Films on ITO 
 
Indium tin oxide (ITO) is a wide-bandgap (3.5-4.3 eV), n-type semiconductor material 
that has been extensively used in electronics. ITO can be prepared in thin films that find 
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application as transparent electrodes for photovoltaic devices and organic light emitting 
diodes (OLEDs)43. ITO films are useful for these applications because they present high 
electrical conductivity (~2x104 ohms-1 cm-1) and high transparency to visible and infrared 
light. ITO consists of more than 90% indium oxide doped with tin. The electrical 
properties of ITO are attributed to the presence of tin and also oxygen vacancies created 
during or after growth of the film. The properties of ITO films differ significantly 
according to the technique employed (thermal evaporation, DC sputtering, chemical 
vapor deposition, electron beam evaporation, and spray pyrolisis) to prepare the  
substrates.43-46 
 
ITO films that are grown on glass surface have adequate surface roughness that allows its 
application in the preparation of self-assembled monomolecular thin films of organic 
compounds. However, the information about the interaction of ITO with different 
adsorbed molecules and characterization of such structures, unlike the case of thiols on 
gold or trichlorosilanes on quartz, is scarce. Despite the limited information, it has been 
shown that different functional groups can adsorb on ITO. For example, alkanethiols can 
be adsorbed on ITO, but there is little amount of information about the nature of the thiol-
surface interaction. Grunze46 carried out XPS measurements to show that thiols adsorb as 
thiolates on indium but there is also the possibility (especially at saturation coverages) of 
having a significant amount of molecules adsorbed as unbound thiols. Other functional 
groups that can be deposited on ITO substrates are carboxylic acids47, amines48, and 
trichlorosilanes and triethoxysilanes49. Silane compounds seem to provide more 
reproducible data, and higher surface coverage. Covalent bonding of ethoxysilanes or 
trichlorosilanes from ethanolic or toluene solutions with a hydroxyl rich ITO surface 
produces the film. Compounds like 3-aminopropyltriethoxysilane form stable films in a 
very short time (a few minutes). Multilayers have also been reported on ITO but usually 
consist of covalently linked molecules such as aminododecane-fullerene multilayers48, 
organic polymeric thin films50, or multilayers of bulky gold nanoclusters51-53. 
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Experimental 
ITO slides were purchased from Delta Technologies (Stillwater, MN). The slides consist 
of ITO deposited on unpolished float glass. The slides have dimensions of 25 mm x 75 
mm x 1.1 mm, are coated on one side and have a resistance of 4-8 ohms. The substrates 
were cleaned by washing with ethanol, sonicated them for 15 minutes in 5 % HCl and 
finally washed with ethanol and water. An alternative cleaning procedure included dip-
treating the substrate in 10% KOH in ethanol overnight, then sonication in propanol for 
10 minutes, and finally wash the slides with water and dry them with nitrogen. A third 
procedure consisted in sonicating the substrates in ethanol, then acetone and finally dry 
them with nitrogen. ITO substrates were cleaned using any of the above procedures 
without significant differences in the contact angle results of clean substrates or in the 
quality of the adsorbed films after monolayer preparation.  
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II.3 Contact Angle  
 
 
Contact angle is a useful characterization tool to determine the correlation between the 
structure of the monolayers and their interaction with different solvents (most commonly 
water). Contact angle can be measured by the static drop (sessile contact angle) technique 
or the more accurate advancing-receding contact angle measurements. Extensive work 
has been done to demonstrate that for SAMs of alkanethiols the contact angle depends 
almost exclusively in the outmost layer. For example mercaptocarboxylic acids exhibit 
low contact angles demonstrating that the underlying long alkyl chains have no effect in 
the surface-water interaction. Thus contact angle is a convenient technique for quick 
characterization of surface order and modification, especially for those SAMs with very 
distinctive functional groups54, 55. Several parameters, such as pH, counterions, surface 
contamination, surface rearrangement and surface roughness, can potentially affect 
contact angle measurements. The pH has an effect on the contact angle of water, 
especially for those films containing groups such as carboxylic acids, alcohols, amines 
which are subject to deprotonation/protonation56. Counterions in the SAM structure or the 
presence of ions in the solution can also affect the contact angle values as shown by the 
study of the effect of counteranions in the contact angle of imidazolium ion-terminated 
SAMs on gold57. The effect of surface defects and nanostructure of SAMs on wetting and 
surface energy has been studied for monolayers of alkanethiols58. Surface roughness 
shows a significant effect in contact angle, which is demonstrated with contact angle 
hysteresis, that is the difference between advancing and receding contact angles (the 
receding angle being smaller than the advancing contact angle value) that occurs as an 
effect of the microscopic differences in surface roughness. Advancing contact angle 
refers to the angle measured when the drop is expanding on the surface. Receding contact 
angle is measured when the drop is contracting from the surface. The most reliable way 
to measure these angles is by slowly advance or recede a drop to or from the surface. In 
this type of experiments the needle must always be in contact with the drop. The 
importance of surface roughness effect has been demonstrated by Ulman59 who reported 
the preparation of the first mixed SAMs of alkanethiolates on ultrasmooth gold surfaces 
that do not exhibit contact angle hysteresis.  
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Experimental 
Contact angle measurements were obtained with a Rame-Hart Model 100-00 Goniometer 
(Mountain Lakes, NJ). Drops of water (2 µL) were deposited with a micropipette and the 
sessile drop contact angle was measured. The instrument gives an inverted image of the 
drop. The angle is measured using a protractor. The average of at least three 
measurements for each sample was obtained. Titration curves were measured for some 
samples by obtaining the contact angle of aqueous solutions of different pH values. The 
pH value of the solutions was adjusted with commercial pH capsule buffers. Figures II.2 
and II.3 show examples of contact angle titration curves obtained for monolayers with 
exposed carboxylic acid groups, and both carboxylic acid and nitrogen (pyridine ring). 
Figure II.4 shows pictures of the actual measurements. 
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Figure II.2:  Contact angle titration of a SAM with exposed dicarboxybenzene groups on 
the surface 
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Figure II.3:  Contact angle titration of a SAM with exposed dicarboxypyridine groups on 
the surface 
 
 (a) 
(b) 
(c) 
Figure II.4:  Pictures of the contact angle of water with (a) SAM with dicarboxypyridine 
groups exposed on the surface; (b) multilayer with Cu(II) ions exposed on the surface; 
and (c) multilayer with hydrophobic pyrene groups on the surface 
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II.4 Ellipsometry 
 
 
Ellipsometry is a non-contact and non-destructive optical technique that has been 
extensively employed for thin film characterization7, 13, 41, 60. Briefly, the technique uses 
linearly polarized light that is reflected off by the sample as elliptically polarized light. 
The change in amplitude (Ψ) and phase (∆) of the Cartesian components of the light are 
related to the thickness of the film and the film’s optical properties (refractive index, k, 
and extinction coefficient n). The most common approach to use ellipsometry in the study 
of SAMs is to calculate the thickness of the monolayer at a determined wavelength 
(usually 632 or 423 nm), although ellipsometric techniques have been developed to the 
extent that it is possible to characterize surfaces with energy ranging from vacuum UV to 
infrared61.  
 
For films of micron thickness is possible to determine both the thickness and refractive 
index, however in the case of ultrathin films (nanometer thickness), ellipsometry fails to 
provide simultaneously the thickness and refractive index of the film. The errors in trying 
to calculate both thickness and refractive index for monolayers are an effect of surface 
roughness. The mathematical model to transform raw data of the ellipsometry 
measurements into film thickness and refractive index assumes that the system is a flat 
sample consisting of an infinite substrate with a parallel overlayer of thickness d62. The 
common approach to use ellipsometry for monolayer characterization is to assume a 
value for the refractive index of the film (which usually consists of an organic monolayer 
and thus the refractive index is in the range of 1.45 to 1.50) and to measure the thickness. 
The reverse approach (assume a thickness value and measure the refractive index) has 
been suggested as an alternative to obtain more reliable ellipsometric data that can also be 
used in the determination of surface coverage60. 
 
Experimental 
Ellipsometric measurements were obtained with a Manual Photoelectric Rudolf 
439L633P ellipsometer (Rudolph Instruments, Fairfield NJ). The measurements were 
taken at a 70° angle of incidence using a HeNe laser light (principal wavelength = 632.8 
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nm). A manually operated null ellipsometer consists of a well collimated monochromatic 
light source, an optical element or polarizer P to convert unpolarized light to linearly 
polarized light, an optical element or compensator C that converts linearly polarized light 
to elliptically polarized light. The light passes through the polarizer and compensator 
before reaching the sample. After the light is reflected from the sample, the change in 
polarization is measured by an analyzer (A, or second polarizer) and a photodetector 
system. The experiment consists in measuring the rotational azimuth angles of the 
polarizer, compensator and analyzer. For a typical experiment, the azimuth of the 
compensator is fixed at ± 45 degrees and the polarizer and analyzer are alternatively 
rotated around the optical path until the light intensity leaving the analyzer is minimized 
(null condition). The fixed compensator value and the measured azimuth angles from the 
polarizer and analyzer are used to calculate the angles, Ψ and ∆, and from these values 
the thickness of the sample is determined. Due to the complexity of the calculations, all 
thickness values were determined using the software package 439PCS11 Ellipsometry 
Analysis (rev. 1.0) from Rudolph Instruments. 
 
Measurements consisted of the determination of two sets of polarizer and analyzer 
readings (P1, A1, P2, and A2). The calculated thickness values for each film are the 
average of values obtained from three different samples. Measurements on each sample 
were taken at three different locations separated by at least 0.5 cm. The measurements 
were taken with the sample exposed to air and within minutes (5-10 min) after taking the 
sample from solution and washing it with ethanol to remove physisorbed compound. For 
thickness measurements of SAMs on gold, a bare gold substrate was used to determine 
the optical constants of gold and the results were compared to values previously reported 
in the literature (n = 0.2 and k = 3.3).63 Values for the extinction coefficient and refractive 
index of the samples were assumed to be 0 and 1.47, respectively7. A similar procedure 
was followed to measure the thickness of films deposited on ITO and quartz substrates.  
For both ITO and quartz, the experimental values for the bare substrate are in accordance 
with previously reported values, k = 0.009 and n = 1.88 for ITO64, and k = 0 and n = 1.46 
for quartz65. 
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II.5 Grazing Angle FT-IR 
 
The FT-IR spectra of SAMs on gold are generally obtained using the grazing-angle 
technique where the incoming light is reflected under a large angle of incidence (> 80° 
relative to the surface normal) to maximize absorbance of the monolayer. The spectra 
usually do not reveal all the IR absorption bands expected for the compounds. Due to the 
gold substrate, only transition dipoles with a component perpendicular to the surface can 
be observed. Interaction of the IR radiation with the molecule and the surface produces 
an electric vector of a standing wave that is zero for groups aligned parallel to the 
surface, and has a finite non-zero magnitude at the metal surface for other groups. Only 
those vibrations with a non-zero electric vector are detected by the technique.66 
 
Figure II.5 shows a representation of a monolayer adsorbed on the surface at two 
different orientations. For the molecule adsorbed perpendicular to the surface, the CH 
vibrations of the methylene groups are in a plane parallel to the surface and become 
invisible to the grazing-angle technique. The molecule adsorbed at an angle not 
perpendicular to the surface has its CH2 groups oriented in such a way that the CH 
vibrations are not parallel to the surface and thus are detected by the grazing-angle 
technique. Grazing-angle FT-IR has been used extensively to study the adsorption of 
molecules on metal surfaces, starting with the ground-breaking work by Allara of 
alkanethiols on gold and oxidized aluminum surfaces13, 62, 67, 68. Allara and his co-workers 
used IR as one of the main analytical techniques to demonstrate the formation of 
organized organic monolayers on gold surfaces, using the wavenumber values of 
methylene vibrations and comparing to the IR values for the same organic compounds in 
solid (crystalline) and liquid states. Porter et al.69, 70 carried out a detailed study of the IR 
characterization of alkanethiols on gold. Porter found out that the formation of 2D 
assemblies do not affect the peak positions compared to the bulk spectra of the samples 
and that the intensity and peak positions are a function of alkyl length. Furthermore, the 
peak position is indicative of the formation of well-packed monolayers, as it is accepted 
that the presence of methylene adsorption bands near 2918 cm-1 are indicative of a well-
packed monolayer with an almost crystalline structure on the surface, while higher 
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adsorption bands represent more disordered layers with a liquid-phase structure. As stated 
before, only transition dipoles with a component perpendicular to the surface are 
observed in the spectra. For example, monolayers of CH3(CH2)15S-(CH2)10CO2H do not 
show the expected carbonyl absorption band, probably as result of the parallel orientation 
of the COOH group on the surface.70   
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Figure II.5: An alkanethiol perpendicular to the surface (left) has both symmetric and 
asymmetric methylene vibrations in a plane parallel to the substrate and these are not 
detected by grazing-angle IR. An alkanethiol tilted from the normal to the plane (right) 
has some of the methylene vibrations no longer parallel to the surface. 
 
 
Experimental 
FT-IR surface spectra were obtained with a Nexus FT-IR model 670 spectrometer 
equipped with a ThermoNicolet grazing angle accessory and a liquid-nitrogen cooled 
MCTA detector. The IR beam was incident at 75° on the gold substrates. The optical path 
was purged with nitrogen gas before and during data acquisition. For each sample 64 
scans were collected with a 4 cm-1 resolution. The scan range was from 4000 to 1000 
cm−1 as the detector sensitivity drops off below 1000 cm-1. A clean gold substrate was 
used to acquire background spectra before data acquisition began on each sample. 
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II.6 Fluorescence Spectroscopy 
 
 
Use of fluorescence spectroscopy for the analysis of SAMs has several limitations. 
Specifically, SAMs on gold are difficult to characterize by this technique because the 
gold surface quenches the fluorescence response of the fluorophore in the monolayer. Th 
most probable mechanism for fluorescence quenching is resonance energy transfer from 
the excited chromophore to the absorption bands of gold, and it is known that this energy 
transfer to gold can occur over distances rather larger than the usual Forster distances71, 
72. The technique is more easily applied to SAMs on transparent substrates like quartz, 
allowing for both identification and quantification of low concentration surface 
functionalities73. However, several researchers have reported fluorescence measurements 
from SAMs on gold, which is accomplished by modifying the conditions for fluorescence 
measurements, specifically the way in which the incident light interacts with the sample. 
Russell74, 75 has measured the fluorescence of monolayers with groups such as 
phthalocyanine or 4-pyridylazophenoxy chromophores by using an evanescent wave 
excited fluorescence procedure. Fox, et al.76-78 have reported about fluorescence 
measurements of several monolayers on gold, the measurements have been acquired by 
surface reflectance fluorescence technique with the incident light at an 11° from the 
surface normal using a conventional fluorescence spectrometer. 
 
Experimental 
 
Fluorescence on ITO and quartz substrates:  
Fluorescence measurements were obtained with a Perkin Elmer LS50B Luminescence 
Spectrometer. ITO and quartz modified slides were positioned at a 45 degree angle with 
respect to the incident light. 
 
Fluorescence on gold substrates: 
The fluorescence from the self assembled monolayer was monitored using an intensified 
diode array spectrometer.  The instrument was built in-house and couples the output from 
a xenon arc lamp (PTI A-1010 75W with LPS-220 power supply), monochromator 
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(Acton SpectraPro 275) to a dichroic mirror that reflects light below 400 nm.  This 
reflected UV light is focused into a 3mm liquid light guide that directs the excitation light 
to the sample and collects fluorescence from the surface. The fluorescence is coupled 
back through the dichroic mirror and into a monochromator (Jobin Yvon) and intensified 
diode array (EG&G Princeton DIDA-700G/B with ST-121 controller). Scattered light 
was removed by the subtraction of the signal obtained from a clean gold surface alone. 
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II.7 Electrochemistry 
 
Electrochemical techniques have been employed to determine the insulating behavior of 
well-packed monolayers, and also to study the electron transfer properties of monolayers 
with electroactive groups such as ferrocene28, 79-86. The electrochemical properties of 
some of the multilayered films will be discussed in detail in Chapter III-A. 
 
II.7.1 Cyclic Voltammetry  
 
Electrochemical experiments were obtained with an EG&G Princeton Applied Research 
Potentiostat/Galvanostat Model 273. A three-electrode setup was used with the SAM as 
the working electrode, a standard calomel reference electrode (SCE) and a platinum wire 
counter electrode. The SAM was contacted with an alligator clamp and a constant area 
was always kept immersed in solution (1 cm2 for EMF gold slides and 0.031 cm2 for gold 
analytical electrodes). Experiments were run in aqueous solutions of 1 mM potassium 
ferricyanide as the redox active species with 0.1 M potassium chloride as a supporting 
electrolyte. To reduce electrical noise, the electrochemical cell was placed inside a 
Faraday cage. The signal/noise ratio (S/N) was satisfactory to allow distinguishing 
characteristic peaks of the sample, however stray noise was observed in some 
measurements. Some of the electrochemical results show high current peaks at random 
voltage values, but these noise peaks did not interfere with the characterization of the 
sample.  
 
The cyclic voltammetry curves were typically obtained in the range of –0.5 to +0.7 V 
with a scan rate of 50 mV/s and a scan increment of 1 mV. Figure II.6 shows a typical 
CV of ferricyanide using a gold electrode. CV with organic solutions was obtained with a 
similar setup, using a Ag/AgCl reference electrode. The organic solutions contained (a) 1 
mM ferrocene and 0.1 tetrabutylammonium perchlorate (TBAP) in CH3CN or (b) 1 mM 
ferrocene and 0.1 M tetrabutylammonium hexafluorophosphate (TBAH) in CH2Cl2.  
CV in the absence of redox species in solution was obtained with solutions of 0.1 M 
supporting electrolyte (Na2SO4 in H2O, KCl in H2O, TBAP in CH3CN, H2SO4 in H2O, 
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TBAH in CH2Cl2, and TBAP in DMSO) using the same three electrode setup. These 
experiments were carried out to detect redox active species assembled on surfaces. 
 
 
Figure II.6: A typical CV of potassium ferricyanide obtained with a gold working 
electrode. 
 
 
II.7.2 Impedance Spectroscopy 
 
Impedance measurements were performed with the same three-electrode setup used for 
cyclic voltammetry. The electrolyte solution was typically an aqueous solution of 0.1 M 
Na2SO4. A 1255-HF Solartron Schlumberger frequency response analyzer was used in 
combination with the EG&G Princeton Applied Research Potentiostat/Galvanostat. 
Experiments were obtained at different applied potentials between +0.6 to –0.6 V vs SCE, 
using a frequency range from 100 KHz to 0.1 Hz, an amplitude of 5 or 10 mV, with 20 
data points collected per decade. The working electrode area was kept constant in all 
experiments (1 cm2 for EMF gold electrodes, 0.031 cm2 for analytical gold electrodes).  
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The impedance data was plotted as Nyquist and phase angle plots. Measurements of 
capacitance as a function of applied voltage (Mott-Schottky plots) were obtained at 
different applied frequencies (10 KHz to 0.1 Hz) in a potential range from +0.5 to -0.6 V 
vs SCE. 
 
Analysis of impedance data 
Electrical impedance can be expressed in terms of vector diagrams and complex 
representations87. Impedance values have real and imaginary components that can be 
derived from the conventional definition of impedance: 
Z(ω) ≡ v(t)/i(t) (1) 
Equation (1) contains the applied voltage signal v(t) = V sin(ωt), with a single frequency 
υ = ω/2π; and the resulting current signal i(t) = I sin(ωt). The resulting impedance is a 
vector quantity with rectangular coordinate values and phase angle (θ) defined as: 
Re(Z) ≡ Z’ = /Z/ cos(θ) (2) 
Im(Z) ≡ Z” = /Z/ sin(θ) (3) 
θ = tan-1(Z”/Z’)             (4) 
The phase angle refers to the phase difference between the voltage and the current; it is 
zero for purely resistive behavior and 90 degrees for purely capacitive behavior.  
 
A Nyquist plot shows real (Z’) versus imaginary (Z”) impedance components. A phase 
angle plot shows the angle θ as a function of applied frequency. The experimental data 
was analyzed by fitting to an appropriate equivalent circuit using the LEVMRUN 
software package for complex non-least square calculations (CNLS)88.  
 
Interpretation of impedance results can be complicated and can lead to wrong 
interpretations. The selection of the equivalent electrical circuit is done accordingly to the 
shape of the Nyquist plot, but it is also required that each electrical component of the 
circuit is correctly interpreted in terms of the physical process taking place on the SAM. 
The selection of the equivalent circuits was done following detailed published IS analysis 
of alkanethiols monolayers done by Lennox and co-workers80-82. These studies were 
focused on determining the impedance plot characteristic of monolayers as a function of 
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DC applied potentials and electrolyte concentration. According to their results, SAMs of 
alkanethiols behave as good ionic insulators at applied potentials between +0.4 to -0.5 V 
vs Ag/AgCl (+0.38 to -0.52 V vs SCE). There is a critical applied potential (Vc) that 
determines the equivalent circuit (and hence the physical processes that occur in the 
SAMs) that best fit the impedance data. At potentials more positive than Vc the 
monolayer behaves as a pure capacitor. A pure capacitor (in absence of leakage current) 
has a phase angle of 90° over the entire frequency range. SAMs can be considered defect-
free when this angle is ≥ 88° in the medium to low frequency region (1 to 1000 Hz). 
These “defect-free” SAMs can be analyzed with the Helmholtz capacitor model (Figure 
II.7a), which consist of a solution resistance (Rs) in series with a constant phase element 
(CPE, or Cdl if α = 1). A CPE is a circuit element defined to fit impedance data that 
deviates from the ideal behavior of a model system. The most accepted explanation for 
CPE behavior is that a property of the system is not homogenous or that there is a 
dispersion of some physical property of the system87. The term α comes from the 
mathematical definition of a CPE’s impedance and has a value of 1 for a true capacitor. 
CPEs are correctly used for fitting experimental impedance data of SAMs if the value of 
α is 0.9 to 1.0. At these values, the behavior of the CPE is close to that of a capacitor. 
For experimental purposes, the Nyquist plot of a pure capacitor is a nearly vertical line 
over the frequency region 1-65 kHz. This indicates that ion transport in the capacitor 
(SAM) does not take place over the time scale of the experiment; therefore the SAMs are 
ionic insulators. The Cdl value (typically 1-5 µF/cm2 for an alkanethiol monolayer) is 
interpreted as a capacitor consisting of the gold metal surface acting as one capacitor 
plate, and the physisorbed ions at the SAM/electrolyte interface, known as the Gouy-
Chapman layer, acting as the other capacitor plate. The film acts as the intervening 
dielectric material. At potentials more cathodic (more negative) than VC, the monolayer is 
no longer defect-free and it behaves like a capacitor contaminated by a resistive 
component associated with the current leakage at defect sites.   
 
According to Lennox, the critical potential could be interpreted as a precursor to 
electrodesorption process of the alkanethiol, a process that takes place between –1 to –1.4 
V vs Ag/AgCl (-1.02 to -1.42 V vs SCE) for alkanethiols with 7 to 15 methylene units. 
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However, the monolayers are not permanently damaged after measuring the impedance at 
Vapplied < Vc. The critical potential, Vc, describes a transition potential between two 
structural states of the SAM. Above this potential value, the SAM is completely 
impermeable to ions. When the applied potential is more negative than Vc the monolayer 
is permeable to ions. Cm remains relatively constant but Rm decreases as Vapplied becomes 
more cathodic because of the appearance of more hydrophilic “defects” or “channels” 
structures in the SAM. The potential induced defects in the monolayer also increase at 
negative potentials. At potentials more negative than Vc it is possible to use two 
equivalent circuits (Figure II.7b and II.7c). In the case of Randles circuit (Figure II.7b) 
the behavior of the SAM is composed of a monolayer capacitance, and a monolayer 
resistance; the latter is related to the number of defects on the film. Additionally, a 
solution resistance is required to perfectly fit the experimental results. Figure II.7c has an 
additional element, a Warburg impedance, which is a representation of the diffusion 
processes that occur in a monolayer at low frequencies. These diffusion processes are 
represented in the Nyquist plot as a straight line. Because of its simplicity, the Randles 
equivalent circuit is the most commonly employed to characterize SAMs, allowing for 
the determination of reliable monolayer capacitance and resistance values. It is accepted 
that well-packed SAMs present a high impedance barrier with charge-transfer resistance 
in the order of kΩ/cm² (few defects) and capacitance of the order of 1-5 µF/cm².89  
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Figure II.7: Different equivalent circuits and their respective theoretical Nyquist plots 
used for IS analysis. (a) Helmholtz capacitor model; (b) Randles equivalent circuit; (c) 
Randles circuit modified to include diffusion process represented with a Warburg 
element. Key: Rs = solution resistance, Rct = monolayer resistance, Cdl = monolayer 
capacitance, CPE = constant phase element, WW = Warburg impedance. 
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II.8 Surface Coverage  
 
 
Although some techniques provide clear evidence for the formation of a thin film on a 
surface by measuring bulk properties, it is always desirable to obtain more quantitative 
data to prove the presence of a single layer. Surface coverage measurements are obtained  
with a quartz crystal microbalance (QCM), either by direct measurement of mass changes 
as a function of monolayer deposition90, 91, or more sophisticated methods that combine 
mass changes with electrochemical measurements92, 93. Electrochemistry can also provide 
information of surface coverage by linear stripping voltammetry (LSV) or cyclic 
voltammetry of redox active, surface confined species. Typical monolayer coverage on a 
gold surface is 10-10 to 10-9 mol/cm2, 6x1013 to 6x1014 molecules/cm².94  
 
 
II.8.1 Quartz Crystal Microbalance  
 
A quartz crystal microbalance (QCM) operates by measuring the change in resonance 
frequency of gold coated crystal as a function of the mass deposited on the surface.  A 
quartz crystal microbalance with a resonant frequency of ~ 5 MHz is sensitive to mass 
changes as small as several nanograms. The resonance frequency of the QCM depends on 
mass loading according to the Sauerbrey equation95, 
 
∆ƒ = Cƒ∆m  (5) 
where,  
∆ƒ = frequency change in Hz. 
Cf = Sensitivity factor of the crystal (0.0566 Hz/ng/cm² @ 20°C for a 5 MHz crystal 
according to factory values) 
∆m = change in mass per unit area 
 
This relationship holds well for gas-phase measurements, but solution phase 
measurements are only semi quantitative due to capacitive and colligative effects arising 
from the presence of the solvent and physisorbed layers. Ethanol is not a good solvent for 
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QCM measurements because it yields a response dominated by large frequency 
fluctuations (~150 Hz) which is probably due to the complexity of the crystal’s response 
affected by the presence of ethanol on the gold surface and the hydrophilic nature of the 
clean QCM gold electrode surfaces90. Despite not being a good solvent, ethanol is still 
used in QCM measurements when solubility of the compound limits the choice of 
solvents. When using ethanol the frequency of the crystal can continuously change with 
time. It is advisable to take the first step and plateau, which is likely to be representative 
of the thiol adsorption, as the others steps and plateau are probably caused by additional 
solvent and thiol adsorption on the gold surface, or because of thermal and electrical 
perturbations to the system.90 
 
Experimental 
The QCM crystals were purchased from Maxtek, Inc. (Santa Fe Springs, CA). The 
samples consist of a 1 inch diameter, 0.013 inch thick polished quartz crystals, with a 
front side gold sensing electrode of ½ inch diameter, and a ¼ inch diameter rear side gold 
contact electrode. The resonant frequency of the crystal is 5 MHz. The crystals were 
cleaned with piranha solution for 5 minutes, rinsed with deionized water and dried with a 
stream of nitrogen. The cleaned QCM crystals were then rinsed with THF to remove any 
residual water and then with the solvent to be used in the experiment (n-hexane or 
absolute ethanol), and used immediately. Caution: Prolonged exposure of QCM samples 
to piranha solution can permanently damage the crystal producing an increase in 
frequency fluctuations for the baseline readings90. Crystals were reused no more than 
three times.   
 
Surface coverage measurements were carried out by adding 148 mL of the solvent to a 
clean-jacketed beaker connected to a flowing liquid temperature controller set to 298 ± 2 
K. The solvent was allowed to reach thermal equilibrium. A glass watch was put on top 
of the beaker to avoid loss of solvent by evaporation.  The QCM electrode was placed in 
the beaker and it was left there until a stable baseline reading (frequency vs time) was 
attained (typically 30-45 minutes). Two mL of a stock thiol solution (5-10 mM) was 
added and the measurement of frequency as a function of time was continued until no 
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further changes in frequency were observed. The volumes of solvent and thiol solution 
were measured as accurately as possible because the QCM response is affected by the 
total volume of solution employed in the experiment. The concentration of the thiol was 
as high as possible to allow small volumes to be injected with a syringe to the beaker 
(large volumes or rapid addition of the solution cause perturbations to the oscillation of 
the crystal). The thiol solutions were maintained at the same temperature as the solvent to 
avoid thermal disruptions from the injection.  
 
 
II.8.2 Linear Stripping Voltammetry  
 
Linear stripping voltammetry (LSV) is a technique that redissolves material from an 
electrode normally using a voltammetry technique like linear sweep voltammetry. The 
material on the electrode can be concentrated on the surface by a bulk electrolysis step, or 
by chemical modification as is the case of preparation of SAMs on gold. Linear sweep 
voltammetry is a technique that measures the current as a function of potential. In a 
typical sweep voltammetry experiment, the measurement starts at a potential more 
positive than the reduction potential, in a region where only non-faradaic currents flow, 
then the current increases when the potential approaches the value of the reduction 
potential of the species under investigation. The current decreases at potentials more 
negative than the reduction potential yielding a peaked current-potential curve. The 
method can be applied to oxidation process starting at potentials more negative from the 
oxidation value. LSV is a valuable technique to determine surface coverage on a 
chemically modified electrode because of the possibility of redissolving the alkanethiol 
by breaking the Au-S bond after applying the required reduction potential. The 
experiment is usually carried out in the presence of acid or base, at potentials more 
negative than ~ -0.7 V vs SCE (alkanethiol SAMs are electrochemically stable in aqueous 
solutions in a potential window of -0.6 to + 0.6 vs SCE79). The area of the reduction peak 
is proportional to the number of molecules originally coated on the surface.96-98 
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Experimental  
A 0.5 M aqueous KOH solution was used for the experiment. The same three electrode 
setup for CV was used. All experiments were done using analytical gold electrodes 
(geometric area = 0.031 cm2). The stripping curve was obtained by scanning in the 
negative direction from –0.4 V to –1.5 V vs SCE, at a scan rate of 50 mV/s. The 
integrated area of each stripping peak was corrected by subtracting the background 
(capacitive) current of a bare gold electrode scanned under the same experimental 
conditions. 
 
Surface coverage was obtained using equation (6): 
Γ = Q/nFA  (6) 
where, 
Γ is the surface coverage in mol/cm²  
Q is the charge in C and it is obtained by integration of the areas under the CV peak, and 
is corrected for capacitive contributions (gold substrate). 
n is the number of electrons (1). 
F is the Faraday constant (96485.3 C) 
A is the geometric area of the electrode 
 
Surface coverage for the second layer (metal ions) was estimated for certain metals from 
the CV of the redox process of the surface-confined metal ion. The CV graph was 
obtained in a supporting electrolyte solution and integration of the areas under either the 
anodic or cathodic peak (corrected for capacitive contributions) were used to estimate 
surface coverage of the metal layer using Equation (6). 
 
Results  
 
The surface coverage of the monolayers was determined by QCM. However, it was not 
possible to monitor the change in mass from deposition of the layers of metal ions 
(Fe(III) or Cu(II)) or additional ligands in the multilayered structure because of lack of 
solubility of the required compounds in hexane, or in the case of pyrene-ligands also 
limited solubility in ethanol. QCM measurements for deposition of metal ions from 
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ethanol gave wrong mass changes readings because of the additional perturbations caused 
by the solvent. The same problem was encountered when trying to measure adsorption of 
pyrene-containing ligands from DMSO or DMSO-Ethanol mixtures. LSV measurements 
were done for the same monolayers studied by QCM. Table II.1 shows the estimated 
surface coverage for different monolayers using both techniques. The differences 
between surface coverage values from both techniques are in the expected range for these 
types of measurements. Figures II.8 and II.9 show examples of the experimental graphs 
obtained from QCM (Figure II.8) and LSV (Figure II.9) experiments. Table II.2 shows 
the surface coverage value obtained for different metals using cyclic voltammetry. 
 
Table II.1: Surface coverage of different monolayers 
Sample Surface 
coverage 
(mol/cm²) 
from LSV 
Surface 
coverage 
(mol/cm²) 
from RQCM 
data 
Surface coverage 
(molecules/cm²)* 
Electrodesorption 
potential (mV vs 
SCE) from LSV 
experiments 
Dicarboxypyridine-
decanethiol 
7x10-9 3x10-10 4x1015 -927 
Dicarboxybenzene-
decanethiol 
2x10-10 4x10-10 1x1014 -917 
Pyridine-decanethiol 5x10-10 2x10-10 3x1014 -897 
Dicarboxypyridine-
hexadecanethiol 
3x10-9 2x10-10 2x1015 -1009 
Dicarboxybenzene-
hexadecanethiol 
6x10-9 2x10-10 4x1015 -939 
Pyridine-
hexadecanethiol 
2x10-9 3x10-10 1x1015 -867 
*Values were determined from LSV surface coverage by stoichiometric conversion of 
mol/cm2 to molecules/cm2 using Avogadro’s number. 
 
Table II.2: Surface coverage of different metal ion layers 
Sample Surface coverage 
(mol/cm2) 
Cu(II)-Dicarboxypyridine-decanethiol 8x10-10 
Cu(II)-Dicarboxypyridine-hexadecanethiol 8x10-10 
Pb(IV)-Dicarboxypyridine-decanethiol 9x10-10 
Pb(II)-Dicarboxypyridine-decanethiol 9x10-10 
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Figure II.8: Experimental RQCM data for adsorption of 2,6-dicarboxypyridine 
decanethiol from a hexane solution (5.07 mM). The surface coverage calculated from this 
particular experiment is 2.37 molecules/nm². 
 
 
Figure II.9: CV obtained for linear stripping voltammetry determination of isophthalic-
decanethiol surface coverage on gold. 
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II.9 Atomic Force Microscopy 
 
 
Scanning probe microscope (SPM) techniques are useful characterization tools to study 
interfacial properties of films. Both scanning tunneling microscopy (STM) and atomic 
force microscopy (AFM) can image samples with atomic resolution at low force loads. 
Contact mode AFM characterization was used to determine surface roughness of 
monolayers and some multilayers, and to characterize patterned surfaces. In addition, 
conductive probe AFM measurements were obtained for some samples and the results 
and experimental details are presented in Chapter III-6. 
 
Contact mode AFM images (topography, deflection and/or friction images) were 
obtained with a PicoSPM II Molecular Imaging microscope. Silicon nitride cantilevers, 
NP-20 from Veeco Nanoprobe Tips (Veeco Metrology Group, Santa Barbara, CA), were 
used.   Image size was varied accordingly to the experiment, with maximum scan areas of 
80 x 80 microns, and minimum scan areas of 250 x250 nm, with resolution of 512 data 
points per line. Average surface roughness and root mean square surface roughness 
values were obtained using the Scanning Probe Image Processor (SPIP) software version 
2.32 from Molecular Modeling. Surface roughness is a parameter used to quantify the 
surface texture of a material. There are several ways to estimate surface roughness. The 
two values obtained with the SPIP software are defined with the following equations. 
 
Average surface roughness,  
Sa =  1/MN  Σk=0M-1Σl=0N-1 |z(xk, yl) - µ|  (7) 
Root mean square surface roughness 
Sq = (1/MN  Σk=0M-1Σl=0N-1 [z(xk, yl) - µ]2)-1/2  (8) 
M and N refer to a rectangular image of M x N dimensions; z(xk, yl) is the height z value 
at a specific (x, y) point. The mean height, µ, is given by equation (9): 
µ = 1/MN Σk=0M-1Σl=0N-1 z(xk, yl)  (9)
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Microcontact Printing 
 
Microcontact printing is a technique commonly used to generate patterned features of 
SAMs on surfaces18, 99. An elastomeric stamp, with a patterned relief structure, is wetted 
with a solution and is brought into contact with the surface for a few seconds. The 
compound in solution transfers from the stamp to the surface and generates the pattern of 
the stamp on the surface. Polydimethylsiloxane (PDMS) stamps were fabricated 
following published procedures99. A stamp mold was pretreated by leaving it under 
vacuum for at least 6 hours, in the presence of a few microliters of (tridecafluoro-1,1-2,2-
tetrahydrooctyl)-1-dimethylchlorosilane (United Chemical Technologies, Bristol, PA).  
PDMS was prepared by mixing the polymer precursor and the curing agent in a 10:1 ratio 
(PDMS is sold as Sylgard 184 by Dow Corning, Midland, MI). The mixture was put 
under vacuum for a couple of hours to completely eliminate air bubbles. The PDMS 
mixture was transferred to the stamp’s mold and then vacuum was applied again for at 
least 30 minutes. The mold was put in the oven at 70 °C for 12 hours. The PDMS stamps 
were carefully peeled off from the surface.  
 
A 1 mM solution of a modified alkanethiol was used to prepare SAMs by microcontact 
printing. A layer of the SAM solution was applied to the stamp using a cotton swab. The 
stamp was then transferred to the slide. Contact within the slide and the stamp was 
obtained by gently applying pressure for a few seconds. The stamp was removed and the 
slide was analyzed by topography and deflection contact mode AFM images. 
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II.10 Statistical Treatment of Experimental Data 
 
Several results that will be presented in the following chapters consist of numerical 
values, for example contact angle and thickness measurements. The reported values are 
the average result of measurements taken on different samples. Specifically, in the case 
of contact angle and thickness measurements, any value is the average of at least three 
different measurements taken in three different samples (minimum number of 
measurements = 9). Impedance spectroscopy results (capacitance and resistance values) 
and photocurrent intensity results are the average value obtained from single experiments 
with three different samples. The uncertainty (± value) for each experimental is the 
standard deviation calculated using the equation: 
Standard deviation: SD = [(Σi(Χ - xi)2)/(n-1)]1/2  (10) 
Where, n is the total number of measurements, xi is any individual measurement and X is 
the average result. 
 
In some electrochemical experiments a linear relationship between current and scan rate 
was determined. A coefficient of determination (r2) was calculated as a parameter to 
show how closely the experimental current vs scan rate plot showed a linear behavior. 
The r2 value was calculated using Microsoft Excel.  
r2 = S2xy/SxxSyy   (11) 
where,  
Sxx = Σi=1n (xi – X)2   (12) 
Syy = Σi=1n (yi – Y)2   (13) 
Sxy = Σi=1n (xi – X)(yi – Y)  (14) 
 
The word “reproducible” will be used in the Results and Discussion to describe several 
experimental results. The reproducibility indicates that more than 80% of the samples 
gave the same results. For example, the experimental times for deposition of different 
layers were determined by cyclic voltammetry experiments. The reported immersion time 
for different compounds is the time required for at least 80% of the samples to show the 
same CV behavior. 
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III. RESULTS AND DISCUSSION 
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III.1 Electrochemical Characterization of Multilayered Films 
 
III.1.1 Background 
 
The multilayered films that will be discussed in several chapters show alternating 
insulating-conductive electrochemical behavior depending on the nature of the outmost 
layer. Self-assembled monolayers of alkanethiols have been studied extensively by 
electrochemical techniques (impedance spectroscopy, ac-cyclic voltammetry, dc-cyclic 
voltammetry, linear sweep voltammetry). It is known that SAMs of alkanethiols with 
small functional groups form insulating films on a gold surface. Cyclic voltammetry in 
the presence of ferricyanide as redox couple is the common technique used to verify the 
formation of an insulating SAM. An ordered, well-packed monolayer acts as a barrier for 
electron transfer between the gold electrode and ferricyanide in solution, thus blocking 
the expected redox process for ferricyanide. In the absence of defects on the SAM 
structure the only measured current is produced by electron tunneling. For example, 
Miller, et al.100, 101 studied monolayers of ω-hydroxy alkanethiols• on gold and found that 
heterogeneous electron-transfer rate constant of Fe(CN)6-3 results are consistent with 
electron tunneling through the film, with a tunneling constant β of 0.9 per methylene 
group. This value is independent of the redox couple and nearly independent of the 
electrode potential. The insulating behavior of the SAMs is useful for the application of 
SAMs to study electron transfer processes in donor-acceptor couples. For example, Li102 
studied the reduction of pentaaminecobalt (III) anchored to gold or mercury surfaces by 
thioalkylcarboxylate ligands and showed that the rate of electron transfer drops off 
exponentially with the chain length. Creager, et al.103 studied long range electronic 
coupling between immobilized ferrocene groups and underlying gold substrates separated 
by alkanethiols of different chain lengths. Their results provided with heterogeneous 
electron-transfer rate constants for ferrocene redox processes in monolayers. The rate 
constants were analyzed to describe the strength of the electronic coupling between the 
ferrocene and the gold electrode, which is in good agreement with electronic coupling 
factor in donor-acceptor molecules with the same number of bonds linking the donor and 
                                                 
• ω-hydroxy alkanethiols were used because they form more ordered SAMs than alkanethiols. 
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acceptor. This gold-ferrocene long range electronic coupling has been used as a mediator 
in photocurrent generating films by the research groups of Uosaki and Imahori104-106. 
 
Ferrocene terminated monolayers are one of the most extensively electrochemically 
active SAMs that have been studied to determine electron transfer kinetics. Chidsey83 
presented the first report on this subject by determining the rate constant of the electron 
transfer reaction between the gold electrode and the ferrocene group as a function of 
temperature in mixed monolayers of terminated ferrocene hexadecanethiol and 
hexadecanethiol. Further studies86, 107-110 have determined the effect of electrolyte, 
temperature, chain length of the monolayer, and ion-pairing ability of the oxidized 
surface-bound ferrocene with anions in solution, in the kinetics of electron transfer. Of 
particular interest is the work by Valincius86 and co-workers who have determined the 
anion-induced electron transfer rate modulation due to the formation of ion-pairs between 
ferrocene and the anion of the salt used in the electrochemical experiment. The use of 
different anions affects molecular level changes of the SAM structure that results in 
inhibition or acceleration of ascorbic acid oxidation in solution. The authors propose the 
possibility to modulate electron transfer properties of the redox SAMs in the development 
of SAM-based molecular devices. The conductivity characteristics of our films also offer 
the possibility to modulate electron transfer properties of the multilayers. Multilayers 
with metal ions as the outmost layer are considered to act as ion-gates, allowing diffusion 
of the electrolyte to the surface of the electrode.  
 
A significant difference between our films and those previously described is that we 
incorporate the redox species in subsequent steps to the formation of the monolayer, 
therefore there is the uncertainty of how much is the underlying SAM disturbed during 
deposition of the metal layer. For this reason, we cannot directly apply the models 
presented before for the electronic behavior of modified alkanethiols monolayers. Several 
groups have prepared multilayered films containing layers of metal and organic materials. 
With a few exceptions, the electrochemical characterization of such films has not taken 
into account the alternating conducting/insulating CV effect observed in our films. For 
example, Komura111 reported the preparation of multilayers of Cu(II) ions incorporated in 
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monolayers of mercaptoundecanoic acid (MUA-Cu(II)-MUA films). The MUA-Cu(II)-
MUA is more insulating than a single MUA films, with an electron rate constant for the 
redox process of (Co(phen)3)+3 of 2x10-8 cm/s for a MUA-Cu(II)-MUA film and 8.3x10-6  
cm/s for a MUA monolayer electrode. The authors do not present results of the 
intermediate Cu-MUA film. Results obtained in our laboratory show that Cu(II)-MUA 
multilayers show similar conducting behavior as films of Cu(II) with other ligands. 
Murray and co-workers112, 113 have prepared multilayer nanoparticle films based on 
ligand-metal ion-ligand linkers, with hexanethiolate/mercaptoundecanoic acid as linkers 
and Cu(II) as the metal ion. Electrochemical characterization of these multilayered 
nanoparticle films do not provide a detailed mechanism of Cu(II) deposition and 
migration in the structure, and multilayer growth. 
 
In this chapter, several electrochemical measurements with multilayered films are 
presented. The results are focused on the study of films with one to three layers as shown 
in Figure III.1. These experiments were done with the goal of understanding the electrical 
properties of the films.  
 
III.1.2 Results and Discussion 
 
(a) Cyclic Voltammetry: Blocking effect of multilayered films 
 
The use of cyclic voltammetry in the presence of a redox active species in solution is a 
well-known characterization tool to determine the formation of a well-packed, relatively 
defect-free monolayer7, 114. Figure III.2 shows the CV of a typical multilayered film. The 
monolayer of dicarboxypyridine decanethiol forms a well-organized surface that blocks 
the diffusion of electrolyte towards the gold surface. The redox peaks for ferricyanide are 
attenuated with these monolayers as the working electrode. However, the films are not 
completely insulating as the measured current (less than 20 µA/cm2) is not strictly 
capacitive current, indicating that permeation of the electrolyte through the film. 
Deposition of a metal layer yields a conductive surface with current values for the 
ferricyanide redox process of the same magnitude as a bare gold electrode. Capping of 
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the metal layer with another dicarboxypyridine ligand generates again a relatively 
insulating layer (compared to gold or SAM-Cu), in some cases the insulating effect is 
higher than the effect observed for a single layer. This effect has been reported previously 
for insulating multilayers of MUA-Cu-MUA111. Films with more than three layers also 
exhibit insulating/conducting behavior, depending on which layer is capping the film. 
The multilayers with metal on the surface show conducting behavior regardless of the 
metal ion deposited on the surface (Cu(II), Fe(III), Co(II), Pb(IV), Ru(III), Ag(I), and 
lanthanide (III) ions). In fact this experimental result was used as partial evidence to 
prove the deposition of a metal layer on the surface, or the lack of in the case of metals 
like Ni(II), Zn(II), Ca(II), Mn(II), and Cr(III). 
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Figure III.1: Structure of the monolayers (I) and multilayers (II-IV) discussed in this 
chapter. For films I-III, X = Nitrogen (dicarboxypyridine) or Oxygen (4-hydroxy-
isophthalic acid). M = Cu(II), Pb(IV), Pb(II), Fe(III), Ru(III), or  Co(II). 
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Figure III.2: CV of films in the presence of ferricyanide 
 
Similar electrochemical behavior has previously been reported by other groups.  Cheng115 
et al. prepared monolayers of 1,2-dithiolane-3-pentanoic acid (thioctic acid) and studied 
the effect of electrolyte (ferricyanide or hexaamineruthenium (III) chloride) and pH in the 
conducting properties of the film. The results showed that the monolayers were 
conducting at low pH values in the presence of ferricyanide and at high pH values in the 
presence of hexaamineruthenium (III) chloride. In a different study, thioctic acid 
monolayers also become conducting after dipping the SAM in solutions containing metal 
ions like Mg(II), Ca(II), Ba(II), La(III) and Tl(I).116 The explanation for conducting films 
of thioctic acid is the diffusion of the electrolyte through the film. This diffusion process 
depends on the charge of the redox active species in solution and the charge of the 
monolayer. In the case of experiments in the presence of the negatively charged 
ferricyanide, the diffusion process is facilitated by opening of the monolayer structure in 
the presence of positively charged metal ions or when the carboxylic acid is fully 
protonated (low pH). Reinhoudt117, 118 have used CV with hexaamineruthenium (III) 
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chloride for the detection of electrochemically inactive cations complexed on SAMs of 
crown ethers, which is explained by the same diffusion mechanism generated by opening 
or closing of the film according to the repulsive or attractive electrostatic interactions that 
occur between the charged monolayer and the redox species in solution. In the case of 
positively charged monolayers, the electrostactic forces acting in the presence of 
negatively charged ferricyanide lead to a conductive surface and the detection of the 
ferricyanide redox couple. In the presence of positively charged hexamine ruthenium 
(III), the repulsive electrostatic forces block diffusion of the electrolyte and yield an 
insulating layer*. A similar opening-effect has been proposed for the anion effect on 
ferrocene-terminated alkanethiols86, multilayered films of 1,8-diisocyanate and platinum 
nanoparticles onto gold surfaces119, and monolayers of glutathione on gold in the 
presence of ferricyanide solutions containing lanthanide or alkaline earth ions85, 120, 121.   
 
Most of the examples described above correspond to changes in electrochemical behavior 
in the presence of certain ions in the electrolyte solution. Our approach was different, 
since we deposit the metal layer from solutions containing only the metal bromide, 
chloride or acetate salts and then carried out the electrochemical characterization. 
Experiments were carried out to prove that addition of a metal salt to the ferricyanide 
solution resulted in the generation of the CV of ferricyanide for monolayers modified 
with isophthalic-decanethiol. Similarly, addition of a metal salt to a solution of only 
supporting electrolyte and subsequent CV experiments resulted in detection of the metal 
in solution.  These results confirm that the CV behavior of our films seems to fit the 
description presented by others for the effect of having interfering metal ions in the 
solution employed for electrochemical characterization. Fabrication of ordered films still 
requires preparation of the multilayered structure by treatment of the monolayer in 
solutions containing metal salts for extended periods of time (more than an hour). Of 
particular interest is the fact that the insulating/conducting behavior is observed for a 
significant number of layers, depending on the stability and surface coverage of each 
layer. The importance of this effect is explained in more detail in the following Chapter 
(II-B).  
                                                 
* Neutral SAMs are not blocking to hexamine ruthenium (III) chloride. 
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CVs of the multilayers with a different redox species were obtained. CVs in organic 
solvents containing ferrocene show a similar effect as the CVs obtained with ferricyanide 
(Figures III.3 and III.4). The CV behavior with ferrocene helped discard a previous 
hypothesis that the observed redox process of ferricyanide was the result of a dative or 
dipolar bond formation between the metal capping the surface and the ferricyanide in 
solution*.  Formation of this bond would result in increased concentration of the 
ferricyanide on the surface and enhancement of electron transfer resulting in the detection 
of the ferricyanide bound on the surface, in a similar fashion as it has been observed for 
ferrocene-alkanethiol molecules83, 86. The results show that the monolayer also partially 
blocks the permeation of organic electrolytes (the measured currents are not pure 
capacitive currents indicating that the films are leaky)†. This suggests that the effect 
observed with ferricyanide is not the result of surface-confinement of the redox species 
on the surface. The multilayers capped with pyrene also show insulating effect in 
acetonitrile but remain conductive when the CV is measured in a dichloromethane 
solution. This can be explained by permeation of the dichloromethane solution through 
the last layer because of its “solubility” or “compatibility” with this solvent.  
 
The observed redox process of ferrocene in the presence of a metal-capped film cannot be 
explained using the same electrostatic effect used to explain the redox process of 
ferricyanide or hexamine ruthenium chloride because ferrocene is not a charged species, 
therefore permeation of ferrocene through the monolayer is not facilitated by electrostatic 
attraction. It was proposed by Dr. Danial Wayner and Dr. Robert Donkers (National 
Research Council, Ottawa, Canada) that the films capped with metal ions have a “leaky” 
structure as shown in Figure III.5. It is assumed that this “leaky” film could be formed 
because of the high stability of 2:1 complexes of dicarboxypyridine with transition metals 
that would produce a surface reorganization to form the full complex and producing 
defects in the film that would facilitate permeation of the electrolyte in solution. Capping 
                                                 
* Ferricyanide complexation occurs only over long periods of time, for example during acquisition of IS 
data with ferricyanide solutions at the redox potential of this compound. 
† Electrochemical studies in organic solutions were limited to experiments in acetonitrile and 
dichloromethane solutions. It is known that SAMs are not electrochemically stable in organic solutions for 
long periods of time because desorption of the film takes place79. 
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of the metal layer with a layer of ligands (third layer) induces a new reorganization of the 
film to produce the full complex between the first and the third layer assembled on the 
surface. Subsequent deposition of metal layers and ligands should follow similar surface 
rearrangements. This model seems reasonable for deposition of the first layer of metal 
ions, but it fails to explain the effect of insulating films obtained after capping the metal 
layer. According to this proposed model the multilayers should show low surface 
coverage with increasing number of layers. Although we do not have experimental results 
for surface coverage of all layers, the surface coverage should be high in order to attain 
the insulating effect observed with films containing up to three layers of pyrene. 
Nevertheless, to study the possibility of leaky film formation we prepared multilayers 
with an underlying SAM containing 16 methylene units. These metal-C16 SAMs show the 
same effect as films with a shorter chain. If surface rearrangement occurs to produce the 
leaky films, then a longer chain should prevent solvent penetration because the 
rearrangement should not significantly affect the underlying SAM. We cannot completely 
discard the formation of “leaky” films, as it is always possible to introduce defects in the 
film structure during sequential deposition of layers; however it is unlikely that the 
formation of defects and the CV effect is completely related to the formation of leaky 
films as illustrated in Figure III.5.  
 
The alternating CV conducting/insulating behavior is at best explained by leakiness of the 
films. This leakiness effect is increased or decreased depending if the outmost layer is 
composed of metal ions or organic ligands respectively. The possibility of electron 
tunneling beyond one layer seems unlikely to take place in these films. To further 
investigate the “leakiness” of the films, impedance spectroscopy was used to provide a 
more detailed characterization and the results are presented in section 2c.  
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Figure III.3: CV with ferrocene in CH3CN 
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Figure III.4: CV with ferrocene in CH2Cl2 
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Figure III.5: Proposed structure for leaky films. This model would require low surface 
coverage for the third and subsequent layers, which is contradictory to the insulating 
effect observed for pyrene or bypyridine capped films. 
 
 
(b) Cyclic Voltammetry: Detection of surface-confined species. 
 
The CV experiments described above were all measured in the presence of a stable, 
reversible redox couple in solution. The presence of this redox species in solution does 
not allow detection of redox species on the surface, like Cu(II), because of overlap of 
potential peaks. CV allows the detection of Pb(IV)/Pb(II) as shown in Figure III.6. The 
redox peak observed at negative potentials does not change if the species used to prepare 
the film is either Pb(IV) or Pb(II). The current peak shows a linear dependence with scan 
rate (Figures III.7 and III.8), which is characteristic of surface-confined species122, 123.  
The shoulder observed near the reduction peak of Pb(IV)/Pb(II) was observed only for 
the first CVs. It did not appear at high scan rates scans or during CV acquisition in the 
absence of ferricyanide. This shoulder is probably a prepeak corresponding to dissolved 
Pb(IV) that is reduced to form part of the layer of adsorbed Pb(II). Different electrolyte 
solutions (no redox active species) in several solvents were used to try determining the 
redox behavior of active species confined on the surface. The redox process of 
Pb(IV)/Pb(II) was also measured using an aqueous solution of 0.1 M Na2SO4. The linear 
dependence on scan rate is also observed in these measurements. Furthermore, the 
measured charge from these CV peaks was used to estimate (after capacitive corrections) 
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the surface coverage of lead. The obtained values were in close agreement with an almost 
1~1 ratio of metal ions and ligands (surface coverage of the ligands was determined by 
LSV and QCM, see experimental section). 
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Figure III.6: CV of Pb(IV)/Pb(II)-SAM measured in the presence of potassium 
ferricyanide 
 
 
Figure III.9 shows the electrochemical detection of Cu(II) on a multilayer of Cu(II)-
chelidamic acid. The CV shows a reversible redox process for Cu(II)/Cu(I) in a potential 
interval that is in agreement with the measured redox potential of Cu(II) on other self-
assembled thin films93, 124, 125, and also in agreement with the measured redox potential of 
Cu(II) complexes with chelidamic acid126. Furthermore, the current intensity of the redox 
process (both anodic and cathodic current) shows a linear relationship with scan rate 
(Figure III.10), which again is characteristic of surface-confined species. 
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Figure III.7: CV of Pb(IV)/Pb(II)-SAM in the presence of ferricyanide measured at 
different scan rates (25 to 750 mV/s) 
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Figure III.8: Linear scan rate dependence of current for Pb(IV)/Pb(II) redox process 
shown in Figure III.7. 
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The redox potential of Cu(II) was determined for several different multilayers (i.e.  
chelidamic-decanethiol, chelidamic-hexadecanethiol, isophthalic decanethiol) with all 
showing the redox process at similar potential values and with current vs scan rate linear 
relationship. Measurements of these films after capping them with pyrene do not show 
the same response as the uncapped films, which may be the result of formation of good 
insulating films (therefore burying the active species effectively blocking the redox 
process) or the possibility that the redox peak shifts for a full complex system with 
respect to a half-complex obtained for the intermediate Cu-SAM film. Figure III.11 
shows the CV measured for pyrene-capped films and the effect of complete or partial 
coverage of the third layer. If the film is not completely capped with the pyrene layer, the 
result is a CV with a large separation (>200 mV) for the reduction and oxidation peaks of 
Cu(II)/Cu(I), probably because of a slow kinetic process. For a completely blocking film 
(i.e. high pyrene surface coverage) no surface redox process was observed when 
measuring the CV with aqueous Na2SO4 or with organic solutions (such as 0.1 TBAP in 
CH3CN, CH2Cl2 or DMSO) that allow measurements in a wider potential scan.  
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Figure III.9: CV of Cu(II)/Cu(I) measured in a 0.1 M sodium sulfate solution at different 
scan rates (10 to 1000 mV/s) 
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Figure III.10: Linear scan rate dependence of current for Cu(II)/Cu(I) redox process 
shown in Figure III.9. 
 
 
Multilayered films with more than one layer of Cu ions showed the redox peak for 
Cu(II)/Cu(I) after depositing a second layer of copper. Measurements with a third layer of 
Cu(II) (a total of 5 layers) did not produce good quality CVs. The results have poorly 
reproducible features. A similar situation was observed by Bard125 for films of 
mercaptoalkanoic acids and Cu(I). The oxidation and reduction of the Cu sites apparently 
leads to destruction of the multilayered and for this reason, only measurements with the 
first layer of metal ions adsorbed on the surface was analyzed.  
 
In order to further prove the presence of the metal, X-ray photoelectron spectroscopy 
(XPS) analysis was performed on some of the multilayered structures. XPS is a technique 
that exposes the sample to monochromatic X-ray bombardment under vacuum conditions 
and allows determining the properties of inner-shell electrons by measuring the energy of 
ejected electrons from the sample. The energy of ejected electrons corresponds to Eo-Ej, 
where Eo is the energy of the x-ray and Ej is the energy of the electron in the atom. 
Electrons ejected from different atoms have characteristic energy values, which makes 
this technique useful to identify almost any elements (except hydrogen and helium) on a 
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sample. XPS results of the monolayer shows the expected N, C, and O peaks and ratios 
expected for the elemental composition of a single layer. The results for multilayers with 
one layer of Cu(II) ions show an additional peak at 930 eV characteristic of Cu(II). 
Figure III.12 shows the XPS spectrum of a monolayer of chelidamic acid-decanethiol. 
Figure III.13 compares the results of a monolayer and a monolayer capped with Cu(II) 
ions in the binding energy range where the signals of different copper species are 
detected. XPS results did not show an increase in copper intensity for multilayered 
structures. We cannot use our XPS results to unambiguously confirm the presence of the 
different metal ions. It has been reported that some caution must be taken in detection of 
metal species on SAMs by XPS because of the possibility of secondary process during 
the experiment that might lead to not observing the expected species, such as Cu(II), on 
the surface.125, 127-129 
 
Detection of other metal ions such as Co(II) and Fe(III) by CV was not successful. Figure 
III.14 shows the redox process of Fe(III) using a 0.1 M H2SO4 solution. It has been 
reported that detection of some metal ions on surfaces is difficult because of (i) stability 
of the film, (ii) the peaks lie outside the potential window where the SAMs are 
electrochemically stable, and (iii) the peaks are smeared out. 
 
Figure III.15 shows the redox process of monolayers capped with Ru(III) using CH3CN 
solutions. The CV for this sample does not show a well-behaved reversible shape, 
however, the results were reproducible and it probably indicates that Ru(III) is weakly 
adsorbed on the film. When an electrochemically active species is weakly adsorbed on a 
surface, the cathodic current is slightly perturbed, but the anodic current is enhanced94. 
Additional evidence for the formation of weakly adsorbed Ru(III) layers on the surface is 
that films capped with Ru(III) were not good to build large multilayered assemblies. The 
film does not show insulating behavior after attempting to cap the film with a third layer. 
Complexation of the underlying chelidamic acid with Ru(III) probably does not take 
place in the same organized way as with other metals, leading to highly disordered films. 
Charge balance requirement for a M(III) metal species may lead to different order in the 
SAMs, and to the presence of counterions that also affect the order on the surface. 
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Figure III.11: Top: CV of Cu(II)/Cu(I) after partially capping the Film with a ligand 
containing a pyrene molecule. The film does not completely block the ferricyanide redox 
process. Electrode area: 0.031 cm2.  Bottom: CV of Cu(II)/Cu(I) after capping the Film 
with a ligand containing a pyrene molecule. The pyrene layer completely caps the film 
giving an insulating film to ferricyanide. Electrode area: 1 cm2. 
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Figure III.12: XPS spectra of SAM: Chelidamic decanethiol 
 
 
Figure III.13: XPS results showing the region for Cu signals. Top: SAM of chelidamic 
decanethiol. Bottom:  SAM-Cu(II) film 
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Figure III.14: Redox process of Fe(III)/Fe(II) on a SAM-Fe film (SAM: 
dicarboxypyridine-decanethiol) measured at different scan rates in the presence of a 0.1 
M H2SO4 solution 
 
Figure III.15: Redox process of Ru(III)/Ru(II) on a SAM-Ru film (SAM: 
dicarboxypyridine-decanethiol) measured in the presence of 0.1 TBAP in CH3CN. Scan 
rate: 400 mV/s 
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(c) Impedance Spectroscopy 
 
A detailed impedance analysis of SAMs should take into account the effects of applied dc 
potential, electrolyte solution, and frequency range. IS measurements at the redox 
potential of electroactive species such as ferricyanide have been used to determine rate 
constants for electron transfer130. The nature of some of our films did not facilitate the use 
ferricyanide as it was apparent that the ligands were able to complex ferricyanide during 
time required to run the IS experiments. Our IS characterization was done exclusively 
with solutions containing only a supporting electrolyte, typically sodium sulfate in water 
(the films do not show complexation of alkaline metal ions on the surface).  
 
It is convenient to keep the electrical circuit as simple as possible to avoid fitting the data 
by introducing electrical components which do not have a clear physical representation in 
the process taking place on the SAM.  However, for multilayers other more complicated 
circuits have been proposed for data interpretation of SAMs. For example Schiffrin119 has 
published results in which the formation of several layers makes difficult to analyze 
impedance data in terms of a simple Randles circuit because of diffusion phenomena and 
different electron transfer mechanisms. 
 
Initial IS characterization was done at a particular potential (-0.5 V vs SCE) in a 0.1 M 
aqueous sodium sulfate solution. The experimental results under these conditions fit the 
equivalent Randles circuits (Figures II.7b and II.7c) and allows for characterization of 
multilayered films as alternate changes in capacitance and resistance are observed after 
deposition of each layer. A similar approach has been reported by other authors to study 
multilayered films based on organic-metal interactions131.  
 
The capacitance values of SAMs have been used to estimate the dielectric constant of the 
films using equation 15.132 
Cm = εoεm/d  (15) 
Where Cm is the calculated capacitance of the monolayer, εo is the dielectric permittivity 
of free space, εm is the relative dielectric constant of the monolayer, and d is the thickness 
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measured with ellipsometry. The change in capacitance upon complexation of a layer of 
metal ions indicates a change in the dielectric properties of the film. The dielectric 
constant values for our different monolayers were estimated to be 3.5 for 
dicarboxypyridine-decanethiol and 5.5 for dicarboxybenzene-decanethiol. These values 
are in agreement with expected dielectric constants of organic monolayers132. Addition of 
the first metal layer results in a large increase in capacitance which is associated with a 
significant change in the dielectric constant of the film. Addition of other layers of 
organic material results in a decrease in capacitance but this cannot be correlated to a 
similar decrease in dielectric constant as the thickness is also affected upon sequential 
deposition of layers. 
 
IS characterization of the multilayers at different potentials provides a better 
understanding of the order and organization of the films. The monolayers of different 
ligands behave in a similar way as reported by Lennox80-82 for other alkanethiols. A 
Helmholtz circuit is used at V > -0.1 V where the SAM behaves almost entirely as a 
capacitor. At lower applied potentials a Randles equivalent circuit was employed. Figures 
III.16 and III.17 show Nyquist and phase angle plots for the monolayers at different 
potentials. The phase angle plots show that the monolayer is not perfectly insulating at 
low frequencies, as proved by a deviation of the phase angle to low values, an indication 
of permeation of the film to the electrolyte solution. Incorporation of other layers did not 
affect the characteristics of the Nyquist plot and the same circuits were used to fit the 
experimental data. The results show an alternate change in capacitance for the films at all 
applied potentials. The phase angle plots show that the phase angle decreases with the 
addition of Cu(II) indicating that leakiness of the film increases with addition of a metal 
layer. Capping of the film results in an increase of the phase angle at all frequencies, but 
the values are not as high as the starting values for the monolayer. These results seem to 
indicate that although CV shows a good-blocking behavior for multilayers (in some cases 
a film with three layers seems to show better blocking than the original film), there is a 
reorganization step taking place that allows for slow permeation of ionic species through 
the film.  
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A  
Figure III.16: Nyquist plots obtained at -0.5 V vs SCE (a-c) and +0.2 vs SCE (d-f). (a) 
SAM; (b) SAM-Cu; (c) SAM-Cu-Py; (d) SAM; (e) SAM-Cu; (f) SAM-Cu-Py. Both 
experimental (red dashed curves) and fitted data (blue solid curves) are shown  
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plot of capacitance, obtained from fitting the experimental results, as a function of 
applied potential is shown in Figure III.18. This plot shows the alternating changes in 
capacitance, with higher capacitance values for films capped with metal layers and lower 
capacitance values for films capped with organic ligands. Of particular interest is the 
marked increase in capacitance near the redox potential value of the metal ion (Cu(II)). 
Figure III.19 shows a hypothetical representation of the changes in capacitance, for just 
straight capacitance due to dielectric properties of the film, and the capacitance for a 
redox-charge process, with the maximum at the redox potential value of the species 
undergoing the redox-charge process (e.g. Cu(II)/Cu(I)). Figure III.18 does not show a 
redox peak for the pyrene-capped SAM, a result similar to the lack of redox curve in the 
CV experiments. 
 
In order to further investigate the capacitance behavior of the film at different voltages, 
the measured capacitance, rather than the estimated capacitance from the Nyquist plots, 
was plotted as a function of voltage for different applied frequencies as shown in Figure 
III.20. The significant result from these plots is the presence of a peak near the redox 
potential observed for Cu(II) with CV, and the frequency dependence of this peak. The 
frequency dependence of the redox process indicates that the electrochemistry observed 
with these films is probably due to leakiness of the film generated by surface-
reorganization (opening of the film’s structure to allow electrolyte permeation) during the 
electrochemical experiment acquisition, and not during multilayer deposition as it was 
originally proposed (see Figure III.5). 
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Figure III.17: Phase angle as a function of frequency measured at 0.2 V vs SCE (top), 
phase angle as a function of applied potential at a frequency of 1 Hz (bottom) 
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Figure III.18: Capacitance as a function of applied voltage for different films. 
Capacitance values were obtained from fitting experimental data measured over a wide 
frequency range (100 kHz-0.1 Hz) 
 
Figure III.19: Hypothetical plot expected for changes in capacitance due to (a) changes 
in dielectric constant of the film and (b) redox charge transfer processes. 
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Figure III.20: Capacitance as a function of applied potential, measured at different 
frequencies for SAM (top), SAM-Cu (middle) and SAM-Cu-Py (bottom) 
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Additional experiments were proposed to study these films but the results did not provide 
new or more significant information. First, mixed monolayers of dicarboxypyridine-
decanethiol and dodecanethiol were prepared. Dodecanethiol was chosen because of its 
similar thickness to the dicarboxypyridine-decanethiol molecule. It was expected that use 
of mixed SAMs would result in more ordered monolayers, with dicarboxypyridine-
decanethiol molecules spaced on the surface as to allow a more ordered multilayer 
growth. The dodecanethiol was expected to create enough separation between 
dicarboxypyridine decanethiol molecules and to increase surface coverage. The results 
show the formation of well-packed films, but IS results seem to indicate that the films are 
mostly composed of dodecanethiol (capacitance values are similar to dodecanethiol 
regardless of the percentage of dodecanethiol in the starting solution). Films were 
prepared by back-filling the defects produced by the first layer with dodecanethiol. CV 
results showed conducting films after   capping with a metal ion, indicating that surface 
reorganization to generate leaky films during electrochemical experiments still takes 
place for mixed monolayers. Preparation of mixed monolayers also introduces the 
problem of deposition of metal ions on the unsubstituted alkanethiols by non-specific 
interactions, an effect that cannot be completed ruled out or carefully controlled. 
 
SAMs of chelidamic-decanethiol were prepared by electrochemical deposition following 
previously published procedures133-135. Electrochemical deposition of alkanethiols on 
gold was suggested as a means to form better packed films. One of the problems 
encountered with the films is that the original monolayer is not completely insulating. 
The CV results after attempting electrodeposition (Figure III.21) show that the films are 
not of better quality than films obtained by self-assembly in solution. 
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Figure III.21: CV showing typical results for formation of SAMs from electrodeposition 
(ed), results from a SAM deposited from solution on the same gold electrode is shown for 
comparison. 
 
 
III.1.3 Conclusions 
 
Electrochemical characterization of the multilayered films provides sufficient evidence 
that the films are not completely insulating. The alternating conducting/insulating 
behavior observed in CV is the result of permeation of film by the electrolyte which is 
dependant on the outmost layer that can allow opening of the structure. This opening or 
formation of a leaky film is better understood from impedance measurements, that shows 
a frequency dependence in the redox process of the surface-confined species. Although 
the films are not completely insulating, the ability to control the degree of “leakiness” 
provides us with an important system that can be used for several applications that rely 
on the conductive/insulating behavior of the films, such as fabrication of films with 
tunable conductivity for molecular wires (Chapter III.2).  
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Certain metal ions (Pb(II), Pb(IV) and Cu(II)) can be electrochemically detected on the 
surface. The results show that such redox processes are characteristic of surface-confined 
species and that the coverage of the metal layer is close to a ~1:1 ratio of metal-ligand. 
 
III.1.4 Future Work 
 
The future work proposed in this section has two purposes: (1) to provide a better 
understanding in the formation of the multilayered films shown in this chapter, and (2) to 
provide new and possibly better systems for device applications. 
 
First, for a more detailed analysis of the mono and multilayer characterization it would be 
advantageous to attain the following experimental evidence: 
Electrochemically quartz crystal microbalance (EQCM) measurements of Cu(II), Pb(IV) 
and other electrochemically active metals. EQCM would allow more reliable 
measurements of surface coverage by the metal layers and also simultaneous detection of 
the electrochemically active species being deposited on the surface. 
XPS characterization of multilayers with several layers of metal ions. Currently the lack 
of XPS instrumentation in our laboratory did not allow us for better characterization of 
the films, in particular those films containing several layers of metal ions where a change 
in metal ion intensity as a function of number of layers is expected. XPS analysis of 
monolayers and multilayers containing metal ions should require careful analysis, which 
includes selective determination of acquisition parameters to avoid photooxidation of 
metal species like Cu(II) before its detection. 
 
Electrochemical characterization of the films can be improved by studying deposition of 
multilayers on other surfaces, and by improving electrodeposition techniques. 
Specifically, preparation of single monolayers or mixed monolayers to maximize surface 
coverage using standard deposition techniques from solution, followed by 
electrochemical deposition of metal ions and subsequent formation of multilayers. 
Electrochemical deposition of metals like Cu(II) has been demonstrated on SAMs, the 
experimental procedure should take into consideration the possibility of different 
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deposition process like metal complexed on the SAM, non-bonded metals (clusters on top 
of the SAM), and other undesirable process like formation of buried metal layers and 
mushroom structures136. The use of mixed monolayers would assure the formation of 
tightly packed films, thus preventing penetration of metal ions (mushroom structures and 
buried layers). Electrodeposition of metal layers would assure formation of a single layer 
of metal ions, or at least provide with a better way to control surface deposition of the 
metal layers. Mixed monolayers can also be attained by first electrodepositing the 
modified alkanethiol followed by backfilling the defects on the substrate by immersion of 
the substrate in a solution of an unsubstituted alkanethiol. 
 
It was also suggested (Dr. Wayner) that formation of self-assembled monolayers and 
multilayers should be attempted on other substrates. Self-assembly of films on mercury 
should provide better information of the electron transfer process taking place during 
electrochemical experiments. SAMs on alkanethiols and other sulfur-containing 
compounds on mercury possess better organization and structure than films on gold and 
have been characterized electrochemically137-139, thus better monolayers of films with 
different ligands groups would allow for more significant characterization of the process 
occurring after deposition of a layer of metal ions on a more ordered surface. 
 
Electrochemical characterization of the films proposed above should provide with more 
information to understand the mechanisms of electron transfer through multilayered 
films. From our studies of these films on gold it seems that part of the electron transfer 
process is due to leakiness of the film, although impedance characterization shows a 
frequency dependant process for the redox process of surface-confined species which 
could be related to the presence of surface-state charges, or kinetically controlled electron 
transfer processes. Although the possibility of electron tunneling through the multilayers 
previously discussed is unlikely, it should not be discarded that electron tunneling could 
be observed in highly ordered multilayers. Films on mercury electrodes could provide 
with more ordered films to study the possibility of tunneling phenomena on multilayers.  
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Gold nanoparticles 
 
Multilayer formation of MUA-Cu(II) films using functionalized gold nanoparticles has 
been reported by Murray112, 113. Electrochemical characterization of these nanoparticles 
showed the controllable formation of multilayers based on metal ligand interactions. 
Formation of multilayers on gold nanoparticles is proposed here. The proposed systems 
would consist of a multilayer of SAM-Cu(II) on a gold surface that would serve as 
substrate material for deposition of gold nanoparticles functionalized with the same type 
of compounds presented in this Chapter (chelidamic acid-decanethiol or isophthalic acid-
decanethiol). Preparation and characterization of these types of materials could be useful 
for applications such as photocurrent generation, as it will be described in another 
Chapter (III-C). 
 
III.1.5 Experimental  
 
(a) Preparation of films 
 
Preparation of monolayers and multilayers on EMF gold slides and analytical gold 
electrodes, and electrochemical characterization by CV and impedance spectroscopy was 
described before (see Experimental Section II-7). Table III.1 shows the experimental 
conditions used for deposition of different film components. 
 
Mixed monolayers were prepared from solutions containing two thiols in different ratios. 
Deposition time from these mixed solutions was typically 10-12 hours. Films were also 
prepared by self-assembly of a monolayer of a modified alkanethiol, followed by 
transferring this modified substrate to a solution of dodecanethiol or other unsubstituted 
thiols for 10 hours in order to attain maximum coverage by filling defects on the surface 
with a less bulky molecule. 
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Table III.1: Experimental conditions for SAM preparation 
Compound Solvent Sample 
concentration 
(mM) 
Deposition 
time 
(hours)* 
Monolayers 
 
Chelidamic-decanethiol 
Chelidamic-hexadecanethiol 
Isophthalic-decanethiol 
Isophthalic-hexadecanethiol 
Mercapto undecanoic acid (MUA) 
 
 
 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
 
 
 
1-3 mM 
1-3 mM 
1-3 mM 
1-3 mM 
1 mM 
 
 
 
12 
12 
12 
12 
12 
 
Multilayer components (metal ions) 
 
Cu(II)  (copper bromide) 
Co(II)  (cobalt chloride) 
Fe(III)  (iron bromide) 
Ag(I)   (silver nitrate) 
Ru(III)  (ruthenium bromide) 
Pb(IV)   (lead acetate) 
Pb(II)  (lead nitrate) 
 
Multilayer components (organic 
compounds) 
Pyrene-chelidamic 
Pyrene-Isophthalic 
 
4,4’-tetracarboxypyridine 
 
 
Ethanol 
Acetone 
Ethanol 
Acetonitrile 
DMSO 
Ethanol 
Ethanol 
 
 
 
Ethanol 
DMSO/EtOH 
(1:5) 
Ethanol 
 
 
3 mM 
2 mM 
3 mM 
5 mM 
1 mM 
1 mM 
1 mM 
 
 
 
1 mM 
1 mM 
 
1 mM 
 
 
2 
24 
3 
4 
2 
2 
2 
 
 
 
48  
48 
 
24 
*time required to obtain reproducible CV results 
 
 
(b) Preparation of SAMs by electrodeposition.  
 
A solution of the thiol (~15 mM) in 0.5 M aqueous KOH was prepared. A gold substrate 
was used as working electrode in the same three-electrode setup described for cyclic 
voltammetry experiments. The potential was scanned from -1 to -0.2 V and then held at -
0.2 V for 20 minutes. The potential was then cycled from -0.2 V to -1.3 V. The modified 
electrodes were rinsed with ethanol, dried with nitrogen, and finally a CV in a potassium 
ferricyanide solution was measured to characterize the formation of an insulating film on 
the surface. 
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(c) XPS analysis 
 
XPS spectra were acquired at the Interface Analysis Laboratory, Department of Polymer 
Science and Engineering, University of Massachusetts at Amherst. The XPS data was 
collected with a Physical Electronics Quantum 2000 instrument. Spectra were recorded 
using an AlKα source, typically operated at 240 W. An aluminum anode was chosen in 
this study. Spectra were taken at normal emission using analyzer pass energies of 187 and 
47 eV for the survey and detailed spectra, respectively. The energy scale was referenced 
to the Au 4f7/2 resonance at 84.0 eV. 
 
(d) Syntheses 
 
Tetracarboxypyridine was available in the laboratory from previous work done by Dr. 
Christopher Cooper 
 
Preparation of 4, (10-sulfhydryl-decyloxy)-pyridine-2,6-dicarboxylic acid 
 
(i) Diethyl 4-hydroxypyridine-2, 6-dicarboxylate 
N
O
O
O
O
OH  
This compound was synthesized following standard literature procedures140, 141. Thionyl 
chloride (6.2 mL, 85 mmol) was added dropwise to 25 mL of ice-cold ethanol.    
Chelidamic acid (2.5 g, 13.7 mmol) was added to the solution.   The solution was stirred 
at room temperature for 20 h and then heated at reflux for 2 hours. The solution was then 
cooled in an ice bath and the solvent was removed by rotary evaporation. Water (20 mL) 
was added to the residue and the mixture was cooled to 0°C.  After cooling, the mixture 
was neutralized with 5 mL of 10% aqueous sodium carbonate and 5 mL of 1:2 
ethanol/water. The solution was filtered and the white product was dried under vacuum to 
afford 3.26 g of Diethyl 4-hydroxypyridine-2,6-dicarboxylate (99%). Rf = 0.65 
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(methanol). m.p.:  115-116 °C (124-125°C Ref 140; 120-121°C Ref 141). 1H-NMR (400 
MHz, CDCl3):  δ 1.45 (t, 6H, CH3); 4.46 (q, 4H, CH2); 7.31 (m, 2H, aromatic); 9.96 (bs, 
1 H, OH). 13C-NMR (100 MHz, CDCl3): δ 14.5 (CH3); 63.6 (CH2); 119.3, 162.9 (Ar-C). 
ES-MS:  (M+Na)+ at m/z = 262.3 (calc. 262.07) 
 
(ii) Diethyl 4-(10-bromodecyloxy)-pyridine-2,6-dicarboxylate 
N
O
O
OO
O
Br
 
Preparation followed a modified literature procedure142. A sample of 2 g (8.4 mmol) of 
diethyl 4-hydroxypyridine-2,6-dicarboxylate and 7.6 g (25.3 mmol) of 1,10-
dibromodecane were dissolved in 100 mL of dry acetone.  Potassium carbonate (2.32 g, 
16.8 mmol) was added.  The solution was heated at reflux for 40 h and the reaction was 
monitored with TLC using 1:1 chloroform/hexane.   After the reaction was completed, 
the solvent was removed and the residue was dissolved in dichloromethane.  The solution 
was filtered and the solvent was evaporated. The residue was purified with column 
chromatography. The final product was eluted with 1:1 dichloromethane/hexane as 
mobile phase. Yield: 75%.  1H-NMR (400 MHz, CDCl3) δ 1.24-1.48 (m, 20 H, 14 from 
CH2 + 6 from CH3); 1.83 (m, 2 H, CH2CH2-Br); 3.38 (t, 2 H, CH2Br); 4.11 (t, 2 H, O-
CH2 decyloxy chain); 4.45 (m, 4 H, O-CH2CH3); 7.74 (s, 2 H, pyridine). 13C-NMR (100 
MHz, CDCl3) δ 14.6 (CH3); 26.2, 28.5, 29.1, 29.5, 29.7, 29.8, 33.2, 34.5 (CH2); 62.7 (O-
CH2CH3); 69.4 (O-CH2); 114.7, 150.4, 165.2 (aromatic C); 167.4 (O-C=O)   
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(iii) Diethyl 4-(10-thioacetyl-deciloxy)-pyridine-2,6-dicarboxylate 
N
O
O
OO
O S
O
 
Preparation followed a modified literature procedure142.  A sample of 1.20 g (2.6 mmol) 
of diethyl 4, (10-bromodecyloxy)-pyridine-2,6-dicarboxylate and 0.35 g (3.1 mmol) of 
potassium thioacetate were dissolved in 100 mL ethanol.  The solution was heated at 
reflux for 24 h. The resulting white precipitate was filtered and dried under vacuum. The 
product was used in subsequent steps without further purification or characterization, due 
to its low solubility in most organic solvents. 
 
(iv) 4, (10-sulfhydryl-decyloxy)-pyridine-2,6-dicarboxylic acid 
N
OH
O
OHO
O SH
 
Preparation followed a modified literature procedure142. A sample of 1.13 g (2.5 mmol) of 
diethyl 4-(10-thioacetyl-deciloxy)-pyridine-2,6-dicarboxylate (crude product) was 
suspended in 75 mL ethanol.  Potassium hydroxide (0.43 g, 7.7 mmol) was added and the 
solution was heated at reflux for 3 hours. The solution was cooled; the solvent was 
removed by rotary evaporation to a few mL. Water (5-10 mL) was added and then the 
solution was acidified with HCl (2 M). The acidified solution (pH ~ 4-5) was extracted 
with dichloromethane, ethyl acetate and finally ether. The organic extracts were dried 
with sodium sulfate and finally the solvent was removed to afford a colorless compound. 
Yield: 51%. 1H-NMR (400 MHz, CDCl3) δ 1.24-1.44 (m, 16 H, CH2); 1.85 (b, 1 H, SH); 
2.52 (m, 2 H, CH2S); 4.23 (t, 2 H, O-CH2); 6.49 (br, 2 H, COOH); 7.89 (s, 2 H, pyridine). 
MS = (M+H)+ at m/z 356.2  (calc. 356.23) 
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Preparation of 5-(10-mercaptodecyloxy)isophthalic acid  
 
(i) Diethyl 5-Hydroxyisophthalate 
O
O
O
O
OH  
Preparation was done according to a published procedure143. A sample of 10 g (54.9 
mmol) of 5-Hydroxyisophthalic acid was dissolved in 150 mL of anhydrous ethanol. 
Concentrated sulfuric acid (4 mL) was added to this solution and it was then refluxed for 
48 h. The reaction was quenched by addition of 100 mL of 1 M NaHCO3. The solution 
was extracted with ethyl acetate. The organic fractions were washed with brine and dried 
over anhydrous magnesium sulfate. The solvent was removed to afford 11.1 g of a white 
solid. Yield: 85% Rf: 0.65 (1:1 hexane/ethyl acetate). 1H-NMR (400 MHz, CDCl3): δ 
1.41 (t, 6 H, CH3); 4.41 (q, 4 H, CH2); 7.29 (br s, 1H); 7.84 (s, 2 H); 8.22 (s, 1 H, OH). 
13C-NMR (100 MHz, CDCl3): δ 14.6 (CH3); 62.1 (CH2); 121.4, 122.9, 132.3, 157.0 
(aromatic C); 166.7 (C=O). 
 
(ii) Diethyl 5-(10-Bromodecyloxy)isophtalate  
O
O
OO
O
Br
 
Preparation followed a modified literature procedure142. A sample of 3.66 g (14.1 mmol) 
of Diethyl 5-Hydroxyisophthalate and 11.4 g (38 mmol) of 1,10-dibromodecane were 
dissolved in 150 mL of acetone. Potassium carbonate (3.54 g, 25.6 mmol) was added and 
the mixture was heated to reflux for 30 h. The solution was filtered and the solid was 
washed with dichloromethane. The solvent was removed and the residue was purified by 
chromatography. The excess dibromodecane was eluted with hexanes. The product was 
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eluted from the column with a mixture of hexane-ethyl acetate 1:1. The solvent from the 
corresponding fractions from the column was removed to afford a yellow oil, from which 
the product solidifies slightly below room temperature (22°C) to give a white solid. 
Yield: 83%. 1H-NMR (400 MHz, CDCl3): δ 1.25-1.44 (m, 18 H, CH2 and CH3); 1.83 (m, 
4 H, CH2); 3.39 (t, 2 H, CH2Br); 4.04 (t, 2 H, O-CH2); 4.39 (q, 4 H, CH2 from protecting 
groups); 7.73 (s, 2 H); 8.25 (s, 1 H). 13C-NMR (100 MHz, CDCl3): δ 14.7 (CH3); 26.3, 
28.5, 29.1, 29.4, 29.6, 29.8, 29.9, 33.2, 34.4 (CH2); 61.7, 68.9 (O-CH2); 119.9, 122.9, 
132.3, 159.5 (aromatic C); 166.1 (C=O). 
 
 
(iii) Diethyl 5-(10-thioacetyl-decyloxy)-isophthalate  
O
O
OO
O
S
O
 
Preparation followed a modified literature procedure142. A sample of 5.2 g (11.4 mmol) of 
diethyl 5-(10-bromodecyloxy)-isophthalate and 1.94 g (17.0 mmol) of potassium 
thioacetate were dissolved in 250 mL of absolute ethanol. The solution was heated to 
reflux for 36 h. The solution was filtered and then partitioned in a mixture of 
dichloromethane/water. The organic phase was triple rinsed with water and dried over 
anhydrous sodium sulfate. The solvent was removed to yield 5.0 g of yellow oil. Yield: 
98%. 1H-NMR (400 MHz, CDCl3): δ 1.29-1.56 (m, 18 H, CH2 CH3); 1.79 (m, 4 H, CH2); 
2.32 (s, 3H, SCOCH3); 2.86 (t, 2 H, CH2S); 4.04 (t, 2 H, O-CH2); 4.41 (q, 4 H, CH2 from 
protecting groups); 7.74 (s, 2 H); 8.26 (s, 1 H)  13C-NMR (100 MHz, CDCl3) δ 14.7 
(CH3); 26.3, 28.4, 29.2, 29.4, 29.5, 29.6, 29.8, 29.9, 30.6, 31.0 (CH2); 61.8; 68.9 (O-
CH2); 120.0, 123.0, 132.4, 159.5 (aromatic C); 166.2 (C=O); 196.5 (S-C=O) 
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(iv) 5-(10-mercaptodecyloxy)-isophthalic acid   
OH
O
OHO
O
SH
 
Preparation followed a modified literature procedure142.  A sample of 0.63 g (1.4 mmol) 
of Diethyl 5-(10-thioacetyldecyloxy)isophthalate was dissolved in absolute ethanol. 0.2 g 
(3.6 mmol) of potassium hydroxide was added and the mixture was heated to reflux for 
90 minutes. The solution was acidified with 2 M HCl to pH 3. The solution was extracted 
with dichloromethane. The combined organic extract was rinsed with water and dried 
over anhydrous sodium sulfate. The solvent was removed and 0.443 g of a white powder 
was obtained. Yield: 90%. 1H-NMR (400 MHz, CD3OD) δ 1.34-1.61 (m, 13 H, CH2 CH3 
SH); 1.83 (m, 4 H, CH2); 2.69 (m, 2 H); 4.08 (t, 2 O-CH2); 7.74 (s, 2 H); 8.24 (s, 1 H). 
13C-NMR (400 MHz, CD3OD): δ 28.4, 29.2, 29.4, 29.5, 29.6, 29.7, 29.8, 29.9, 30.6, 31.0 
(CH2); 68.6 (O-CH2); 119.7, 123.0, 132.6, 159.7 (aromatic C); 167.8 (C=O). 
 
Preparation of 4-(16-mercaptohexadecyloxy)pyridine-2,6-dicarboxylic acid 
 
(i) Diethyl 4-(16-bromohexadecyloxy)pyridine 2,6-dicarboxylate  
N
O O
O
O O Br
 
Preparation followed a modified literature procedure142. A sample of 0.4 g (1.7 mmol) of 
diethyl 4-hydroxypyridine-2,6-dicarboxylate and 1.98 g (5.2 mmol) of 1, 16-
dibromodecane were dissolved in 50 mL of acetone. 0.36 g (2.6 mmol) of potassium 
carbonate was added. The solution was heated to reflux for 24 hours. The solvent was 
removed, dichloromethane (30 mL) was added, the solution was filtered, and 
dichloromethane was removed. The residue was purified by column chromatography and 
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the product was eluted with dichloromethane/methanol (4:1). A yellow oil was obtained. 
Yield: 85%. 1H-NMR (400 MHz, CDCl3): δ 1.26-1.48 (m, 30 H), 1.86 (m, 4 H), 3.46 (t, 2 
H, CH2Br), 4.13 (t, 2 H, O-CH2), 4.48 (m, 4 H O-CH2CH3), 7.77 (s, 2 H, pyridine). 13C-
NMR (100 MHz, CDCl3) δ 14.2 (CH3); 25.8, 28.2, 28.7, 28.8, 29.2, 29.4, 29.5, 29.6, 
32.8, 34.1 (CH2); 62.4, 69.0 (O-CH2); 114.4, 145.0, 164.8 (aromatic C); 167.1 (C=O) 
   
(ii) Diethyl 4-[16-(acetylthio)hexadecyloxy]pyridine 2,6-dicarboxylate  
N
O O
O
O
O S
O
 
Preparation followed a modified literature procedure142. A sample of 0.9 g (1.6 mmol) of 
Diethyl 4-(16-bromohexadecyloxy)pyridine 2,6-dicarboxylate and 0.24 g (2.1 mmol) of 
potassium thioacetate were dissolved in 35 mL of ethanol. The solution was heated to 
reflux for 24 hours. The solution was filtered and the solvent was removed. The residue 
was dissolved in dichloromethane, the solution was filtered and the solvent was removed 
to afford a red solid. Yield: 100%. 1H-NMR (400 MHz, CDCl3) δ 1.19-1.43 (m, 30 H, 
CH2 & CH3), 1.86 (m, 2 H, CH2), 2.3 (s, 3 H, SC(O)CH3), 2.86 (t, 2 H, CH2), 4.12 (t, 2 H, 
O-CH2), 4.47 (t, 4 H, O-CH2CH3), 7.77 (s, 2 H, aromatic H). 13C-NMR (100 MHz, 
CDCl3) δ 14.6 (CH3), 18.9, 26.2, 29.1, 29.2, 29.4, 29.5, 29.6, 29.8, 29.9, 30.0, 31.0, 33.1 
(CH2), 62.8, 69.4 (O-CH2), 114.7, 150.4, 165.2 (aromatic C); 167.4, 196.6 (C=O). ES-
MS: (M+H)+ at m/z = 538.5 (calculated 538.33) 
 
(iii) 4-(16-mercaptohexadecyloxy)pyridine-2,6-dicarboxylic acid  
N
OH
O
OHO
O
SH
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Preparation followed a modified literature procedure142. A sample of 0.88 g (1.6 mmol) 
of diethyl 4-[16-(acetylthio)hexadecyloxy]pyridine-2,6-dicarboxylate and 0.27 g (4.8 
mmol) of KOH were dissolved in 50 mL of ethanol. The solution was heated at reflux for 
90 minutes. The solution was cooled, diluted with water and the acidified with HCl (2 M) 
to pH 5. The solution was then extracted with dichloromethane. The organic fraction was 
dried with sodium sulfate, the solvent was removed to afford a white solid. Yield: 22%. 
1H-NMR (400 MHz, CDCl3): δ 1.21-1.36 (m, 30 H, CH2), 1.55 (m, 1 H, SH), 2.5 (t, 2 H, 
CH2), 3.75 (t, 2 H, O-CH2), 7.86 (s, 2 H, aromatic H). 13C-NMR (100 MHz, CDCl3): δ 
18.6, 21.2, 23.2, 26.1, 28.8, 29.0, 29.5, 29.8, 32.3 (CH2); 62.8 (O-CH2); 114.8, 148.4, 
165.8 (aromatic C); 176.8 (C=O). 
  
Preparation of 5-(16-mercaptohexadecyloxy)isophthalic acid 
 
(i) Diethyl 5-(16-bromohexadecyloxy)isophthalate  
O O
O
O O Br
 
Preparation followed a modified literature procedure142.  A sample of 0.4 g (1.7 mmol) of 
diethyl 5-hydroxyisophthalate and 1.94 g (5 mmol) of 1,16-dibromodecane was dissolved 
in acetone, along with 0.46 g (3.3 mmol) of potassium carbonate. The solution was 
heated to reflux for 24 hours. The solvent was removed and the residue dissolved in 
dichloromethane. The CH2Cl2 solution was filtered, the solvent was removed and the 
residue was purified with column chromatography. The product was eluted with 
dichloromethane. Yield: 74%.  1H-NMR (400 MHz, CDCl3): δ 1.26-1.43 (m, 30 H, CH2 
& CH3), 1.83 (m, 4 H, CH2), 3.4 (t, 2 H, CH2Br), 4.03 (t, 2 H, O-CH2), 4.40 (t, 4 H, O-
CH2), 7.73 (s, 2 H, aromatic H), 8.25 (s, 1 H, aromatic H). 13C-NMR (100 MHz, CDCl3): 
δ 14.7 (CH3), 26.4, 28.6, 29.2, 29.5, 29.7, 29.8, 29.9, 30.0, 33.2, 34.5 (CH2), 61.7, 68.9 
(O-CH2); 120.0, 123.0, 132.4, 159.5 (aromatic C); 166.2 (C=O). 
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(ii) Diethyl 5-[16-(acetylthio)hexadecyloxy]isophthalate  
O O
O
O
O
S
O
 
Preparation followed a modified literature procedure142. A sample of 0.65 g (1.2 mmol) of 
diethyl 5-(16-bromohexadecyloxy)isophthalate and 0.15 g (1.3 mmol) of potassium 
thioacetate was dissolved in 30 mL of ethanol. The solution was heated to reflux for 20 h. 
The solvent was removed and the residue was redissolved in dichloromethane. The 
solution was filtered and the solvent was removed to afford a yellow residue. Yield: 73%. 
1H-NMR (400 MHz, CDCl3): δ 1.26-1.43 (m, 30 H, CH2 & CH3), 1.8 (m, 4 H, CH2), 2.31 
(s, 3 H, SC(O)CH3), 2.85 (t, 2 H, S-CH2), 4.03 (t, 2 H, O-CH2), 4.40 (t, 4 H, O-CH2), 
7.73 (s, 2 H, aromatic H), 8.25 (s, 1 H, aromatic H). 13C-NMR (100 MHz, CDCl3): δ 14.7 
(CH3), 26.3, 29.2, 29.5, 29.7, 29.8, 29.9, 30.0, 31.0 (CH2), 61.7, 68.9 (O-CH2); 120.0, 
123.0, 132.3, 159.5 (aromatic C); 166.1, 196.3 (C=O). ES-MS: (M+Na)+ at m/z = 559.5 
(calculated at 559.31) 
  
(iii) 5-(16-mercaptohexadecyloxy)isophthalic acid  
OH
O
OHO
O
SH
 
Preparation followed a modified literature procedure142.  A sample of 0.28 g (0.52 mmol) 
of diethyl 5-[16-(acetylthio)hexadecyloxy]isophthalate and 0.09 g (1.56 mmol) of 
potassium hydroxide was dissolved in ethanol. The solution was heated to reflux for 1 
hour. The solution was cooled, diluted with water and then acidified with 2 M HCl to pH 
4-5. The solution was extracted with dichloromethane and the residue from the organic 
fraction was purified with column chromatography (CH2Cl2-CH3OH 20:1). Yield: 70%. 
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1H-NMR (400 MHz, CD3OD): δ 1.19-1.40 (m, 24 H, CH2), 1.58 (m, 3 H, CH2 & SH), 
1.71 (m, 2 H, CH2), 2.58 (t, 2 H, SCH2), 3.99 (t, 2 H, OCH2), 7.64 (s, 2 H), 8.13 (s, 1 H). 
13C-NMR (100 MHz, CD3OD): δ 25.3, 27.6, 28.4, 28.7, 28.9, 29.0, 38.1 (CH2); 67.8 (O-
CH2); 118.8, 122.2, 131.8, 158.9 (aromatic C); 166.7 (C=O). 
 
Preparation of 4-(Methylpyrenyl)oxypyridine-2,6-dicarboxylic acid 
 
(i) 1-(Bromomethyl)pyrene  
Br
 
A sample of 2 g (8.6 mmol) of 1-pyrenemethanol was dissolved in 60 mL of benzene at 
40°C. To this solution 0.4 mL of phosphorous tribromide was added dropwise and the 
solution was refluxed for 4 hours. The mixture was cooled and partitioned in a mixture of 
ether/water 3:2. The organic extractions were triple rinsed with water and dried over 
anhydrous sodium sulfate. The ether was evaporated and 2.43 g of a yellow powder was 
obtained. Yield: 96%. Rf = 0.83 (CH2Cl2). m.p. decomposes above 270 °C. 1H-NMR 
(400 MHz, CDCl3):  δ 5.26 (s, 2 H; CH2); 7.98-8.85 (m, 9 H, pyrene). 13C-NMR (100 
MHz, CDCl3): δ 32.65 (CH2); 123.2-132.3 (pyrene) 
 
(ii) Diethyl 4-(methylpyrenyl)oxypyridine-2,6-dicarboxylate  
O
N
O
O O
O
 
A sample of 0.9 g (3.7 mmol) of 1-(bromomethyl)pyrene and a sample of 1 g (3.4 mmol) 
of diethyl-4-hydroxypyridine-2,6-dicarboxylate were separately dissolved in acetone. The 
clear solutions were mixed and 0.37 g (3.5 mmol) of sodium carbonate was added. The 
solution was heated at reflux for 24 h. The solution was filtered and the solvent was 
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removed to afford a yellow product. After drying under vacuum the product was 
recrystallized from dichloromethane. Yield: 77%. Rf = 0.40 (CH2Cl2-CH3OH 1:1). m.p. 
154-156 °C. 1H-NMR (400 MHz, CDCl3):  δ 1.46 (t, 6H, CH3); 4.47 (q, 4H, CH2); 5.90 
(s, 2H, CH2); 8.01-8.26 (m, 11 H, aromatic H). 13C-NMR (100 MHz, CDCl3): δ 15.2 
(CH3); 30.2 (CH2); 63.5 (CH2); 115-131.6 (aromatic CH); 165.7 (C=O). MS: (M+Na)+ at 
476.8 (calc. at 476.15) 
 
(iii) 4-(Methylpyrenyl)oxypyridine-2,6-dicarboxylic acid  
ON
O
O
OH
OH  
A sample of 1.15 g (2.5 mmol) of diethyl 4-(methylpyrenyl)oxypyridine-2,6-
dicarboxylate was dissolved in 60 mL of ethanol. Potassium hydroxide (0.5 g, 9 mmol) 
was added and the solution was refluxed for 6 hours. The solution was diluted with water 
and acidified to pH 3 with 2 N HCl. A white product was precipitated at low pH and the 
solution was filtered. The product was washed with water, methanol and dichloromethane 
and dried under vacuum. Yield: 97%. m.p.: decomposes above 225°C. 1H-NMR (400 
MHz, DMSO):  δ 6.10 (s, 2 H, CH2); 7.92-8.41 (m, 11 H, aromatic H).  MS: (M+K)+ at 
436.2 (calc. at 436.06). 
 
Preparation of 5-[(Methylpyrenyl)oxy]isophthalic acid 
 
(i) Diethyl 5-[(methylpyrenyl)oxy]isophthalate  
OO
O O
O
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A sample of 1.61 g (5.4 mmol) of 1-bromomethylpyrene and 1.30 g (5.4 mmol) of 
diethyl-5-hydroxyisophthalate were dissolved in 150 mL acetone. 0.75 g (5.4 mmol) of 
potassium carbonate was added and the mixture was heated at reflux for 36 hours. The 
solution was filtered and the solvent was removed to afford 2.5 g of a yellow product, 
which was further purified by recrystallization from dichloromethane. Yield: 98%. 1H-
NMR (400 MHz, CDCl3):  δ 1.40 (t, 6H, CH3); 4.39 (q, 4 H, CH2); 5.80 (s, 2H, CH2); 
7.97-8.17 (m, 12 H, aromatic H). 13C-NMR (100 MHz, CDCl3): δ 14.7 (CH3); 61.9 
(CH2); 69.7 (CH2); 120.5-132.6 (aromatic CH); 159.2, 166.1 (C=O) 
 
(ii) 5-[(Methylpyrenyl)oxy]isophthalic acid   
O
O
O
OH
OH  
A sample of 2.40 g (5.3 mmol) of diethyl 5-[(methylpyrenyl)oxy]isophthalate was 
suspended in 60 mL of ethanol. Potassium hydroxide (1 g, 17.8 mmol) was added and the 
mixture was refluxed for 4 hours. The solution was diluted with water and acidified to pH 
2.5 with 2 N HCl. The solution was filtered and the product was washed with water and 
dichloromethane, and finally dried under vacuum. A yellow solid (1.89 g) was obtained. 
The compound has limited solubility in common organic solvents. Yield: 90%.  1H-NMR 
(400 MHz, DMSO):  δ 5.93 (s, 2 H, CH2); 7.89-8.35 (m, 12 H, aromatic H). 13C-NMR 
(100 MHz, DMSO): δ 68.4; 119.6-132.5; 158.5; 166.3.  MS: (M+K)+ at 435.2 (calc. at 
435.06) 
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III.2 Multilayered Thin Films for Molecular Wires 
 
III.2.2 Background 
 
Multi-layered thin films with predictable electrochemical properties have been suggested 
as molecular junctions in nanoelectronics applications. Lin et al.123 constructed a 
conducting multilayered lateral bridge between two gold electrodes separated by 
approximately 80 nm on oxidized silicon. Multilayered films were grown across the gap 
between the electrodes by the sequential deposition of di-rhodium complexes and 
dipyridyl ethylene. The resulting junction exhibited behavior analogous to negative 
differential resistance but the behavior appeared to be irreversible in the configuration 
studied.  In a different study, Bharathi144, 145 and co-workers constructed multilayered 
films by the deposition of a carboxylic acid terminated alkanethiol on gold, which was 
capped by copper ions through complexation with the acid function. The addition of a 
potassium ferricyanide solution yields a copper hexacyanoferrate complex, which serves 
as a site for addition of a second alkanethiol layer. Cyclic voltammetry measurements 
showed a linear relationship between the Faradic charge and the number of copper layers 
in the film. The multilayered films described by Lin and Bharathi could potentially have 
applications as nanoelectronic materials for switching devices.  
 
The observed electrochemical behavior of the multilayers described in the previous 
chapter seems of particular interest for different applications. Taking into account the 
feasibility of building these multilayered films upon proper selection of metal ions and 
ligands and experimental conditions for formation of the films, it is possible to study the 
applicability of this non-covalent assembly technique to fabricate potential devices such 
as the “molecular wires” described in this chapter. The idea behind the fabrication of 
these “molecular wires” is the observed electronic behavior of the films that suggests that 
these multilayered films can, like those of Lin123, potentially act as molecular junctions. 
In order to further characterize their structure and behavior a series of multilayered films 
(Films I and II in Figure III.22) were prepared by sequential deposition of each 
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component on gold according to procedures outlined in Chapter III-1. Deposition of each 
layer was monitored by contact angle, ellipsometry, grazing angle IR, cyclic 
voltammetry, and impedance measurements. The results of each of these experiments 
indicate the formation of layers that are relatively free of defects and that exhibit 
alternating conducting and insulating properties with current magnitudes for metal 
capped films approaching that of bare gold regardless of the number of layers deposited.  
 
III.2.2 Results and Discussion 
 
The films shown in Figure III.22 were built by sequential deposition of organic ligands 
and metal ions. 4,4’-bipyridil derivatives have been employed in the fabrication of self-
assembled coordinated frameworks146, 147 and also in electroactive films by incorporating 
disubstituted 4-4’-bipyridinium building blocks into Langmuir-Blodgett films or self-
assembled monolayers147. The method described in this chapter allows an easier way to 
incorporate 4-4’-bipyridinium molecules based on the straightforward deposition of 
organic and inorganic layers on the surface. Although the ligands used in this study are 
known to complex different types of metal ions23, 148  in solution, the experimental results 
show that the ligands do not have the same efficiency to complex metal on the surfaces. 
The selection of the metal ions used for the preparation of Films I and II was based on 
experimental results showing higher affinity of dicarboxypyridine ligands for copper (II) 
ions, and pyridine ligands for iron (III) ions on the surface. 
 
Dicarboxypyridine ligands can also complex other ions such as Fe(III), Co(II), Pb(IV), 
Gd(III), Ru(III) on the surface but the results indicate that multilayers with Cu(II) and 
Fe(III) show a higher degree of order (it is possible to obtain the maximum number of 
relatively well-packed layers) and its preparation was reproducible. In the case of 
pyridine ligands, it strongly complexes Fe(III) and Ru(III) on the surface but this SAM 
did not show complexation with Cu(II) ions, as shown by irreproducible results from 
cyclic voltammetry, ellipsometry and contact angle. The ability of each ligand to complex 
different metals could be explained by (1) the binding constant of the metal-ligand 
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interaction, and (2) the hypothesis that the order and orientation of the monolayer have a 
significant effect in the formation of different complexes because of geometrical 
restrictions. 
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Figure III.22: Structures of molecular wires 
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The deposition of each layer was monitored by several techniques, with the 
electrochemical methods providing the most significant results because of the 
characteristic electronic properties of the films after deposition of different organic or 
inorganic layers. 
 
(a) Contact Angle 
Contact angle measurements confirmed substantial changes in the hydrophilicity of the 
surface upon the addition of each layer as shown in Table III.2. 
 
Film Contact Angle 
    (Degrees) 
I-a: SAM 
I-b: SAM-Cu 
I-c: SAM-Cu-By 
I-d: SAM-Cu-By-Cu 
I-e: SAM-Cu-By-Cu-By 
I-f: SAM-Cu-By-Cu-By-Cu 
69 ± 1 
54 ± 1 
67 ± 2 
51 ± 1 
67 ± 2 
55 ± 1 
II-a: SAM 
II-b: SAM-Fe 
II-c: SAM-Fe-By 
II-d: SAM-Fe-By-Fe 
95 ± 2 
64 ± 2 
78 ± 5 
67 ± 1 
Table III.2: Contact Angle Results 
There is a clear difference in contact angle depending on whether the last layer 
deposited is composed of bypyridyl groups or metal ions. Thus, the metal surfaces exhibit 
a significantly smaller contact angle, ca. ~15º less, than the bypyridyl-capped surface. 
These observations are consistent with the ability of water to complex with the Cu(II) or 
Fe(III) species when they are exposed on the surface but not when they have been capped 
with the ligands. 
 
(b) Ellipsometry 
Ellipsometry measurements (Table III.3) also confirm the sequential assembly of the 
films. Figure III.23 shows a comparison of experimental data and expected thickness for 
the different components of Film I. The obtained results are in close agreement with the 
expected values. The expected thicknesses were calculated from the length of the 
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different multilayer components as determined by molecular modeling. The different 
compounds were not modeled on a surface, but the thickness values were corrected 
assuming a 30 degree angle orientation of the monolayer with respect to the normal to the 
gold surface. For Film II the thickness results are slightly larger than expected after 
deposition of a fourth layer. This could be result of water adsorption on the surface or 
deposition of more than one layer of Fe(III). The latter is the best possible explanation as 
the contact angle results for the fourth layer are too hydrophobic to explain the adsorption 
of a thick layer of water molecules. Although only the thickness values for a few layers 
were experimentally correct, it is possible to continue deposition of more layers within a 
± 1.0 nm error in thickness values up to 8 layers of dicarboxypyridine ligands (expected 
thickness: 10 nm). However it was not possible to properly characterize these larger films 
by either ellipsometry or electrochemical techniques due to the increasing number of 
defects. 
 
Film Thickness (nm) 
I-a:  SAM 
I-b: SAM-Cu 
I-c: SAM-Cu-By 
I-d: SAM-Cu-By-Cu 
I-e: SAM-Cu-By-Cu-By 
I-f: SAM-Cu-By-Cu-By-Cu 
1.2 ± 0.2 
1.5 ± 0.2   
2.1 ± 0.4 
2.5 ± 0.3 
3.0 ± 0.3 
3.2 ± 0.3 
II-a: SAM 
II-b: SAM-Fe 
II-c: SAM-Fe-By 
II-d: SAM-Fe-By-Fe 
1.3 ± 0.2 
1.9 ± 0.3 
2.4 ± 0.3 
3.3* ± 0.5 
* Experimental value is ~ 0.7 nm higher than expected 
Table III.3: Measured thickness values for different layers. 
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Figure III.23: Thickness result for sequential deposition 
of layers of Film I, SAM: Dicarboxypyridine-decanethiol. 
 
 
(c) Grazing-angle FT-IR 
Figure III.24 shows grazing incidence IR spectra obtained for the first three layers of 
Film I, and the first layer of Film II.  The IR spectrum of the first layer of I exhibits CH2 
asymmetric stretching at 2924 cm-1 and symmetric stretching at 2852 cm-1, characteristic 
of a monolayer that is loosely packed with the alkyl chains arranged in a liquid-like 
fashion149. In addition, a characteristic carboxylic acid dimer stretching transition is 
observed at 3300-3500 cm-1, with a carbonyl stretching band at 1726 cm-1.  The spectrum 
of Film I after deposition of Cu(II) differs from that of the original SAM in that three 
new resolved bands appear, two between 3300-3500 cm-1 and an additional band at 2088 
cm-1.  Each of these absorption bands is attributed to the presence of carboxylate anions 
that are formed by conversion from the acids when the chelidamic acid group complexes 
with Cu(II) ions, i.e., the carboxylic acids deprotonate to maintain charge balance in the 
film.  Similar behavior has been observed in multilayered films containing metal ions 
other than Cu(II).32, 150 Deposition of the 2,2’,6,6’-tetracarboxy-4,4’bipyridyl ligand 
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results in loss of the resolved bands between 3300-3500 cm-1 likely because they are 
masked by the strong absorption of the uncomplexed carboxylic acids in the bipyridyl 
ligand, although changes in absorption due to changes in orientation are also likely to 
occur.  In addition, the other carboxylate absorption band at 2088 cm-1 shifts to 2103 
cm−1. This modest shift in frequency is attributed to small changes in the complexation 
geometry of Cu(II) as a result of the metal binding to the second ligand.   
 
 
 
 
Figure III.24: IR spectra of the first three layers of Film I: (a) SAM of chelidamic-
decanethiol, (b) SAM-Cu; (c) SAM-Cu-BiPy; and the first layer of Film II: SAM of 
Pyridine-decanethiol (d). 
 
In the case of Film II, deposition of this first layer gives a similar IR behavior as Film I. 
Thus the characteristic vibrations of the methylene groups show the formation of a 
monolayer in a quasi-crystalline fashion. The other significant band for this SAM is the 
carbon-carbon vibration frequency at ~1600 cm-1. Deposition of Fe(III) ions does not 
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significantly change the vibrational bands of the original monolayer. IR peak positions of 
pyridine bands in complexes with metals such as Fe(II), Ni(II), Cu(II) and Zn(II) show 
characteristic bands below 1000 cm-1, which is a region of low sensitivity for the grazing-
angle IR detector used in the analysis of SAMs151. Further deposition of other layers did 
not change significantly the IR spectrum as no new strong absorbing bands were 
expected with the deposition of more 4, 4’-bypyridil or tetracarboxy-bypyridil ligands, or 
metal ions. 
 
 
(d) Electrochemistry 
Cyclic voltammetry and impedance measurements obtained for all films in Figure III.22 
have shown the possibility of controlling the insulating-conducting behavior of the 
multilayer according to the layer exposed on the surface. Films with metal ions exposed 
on the surface show a conducting behavior similar to a bare gold substrate while films 
with an organic ligand exposed on the surface are almost completely insulating. The 
double-layer capacitance values also indicate this behavior although the insulating 
properties of the films with an organic layer exposed on the surface seems to decrease 
according to the capacitance values, apparently due to the increasing number of defects in 
the film as the number of layers increases. 
 
Impedance measurements were obtained for all films using a sodium sulfate solution, at 
different applied potentials vs SCE. The analysis of the results was done in a similar way 
to that reported by Lennox80-82, as previously described (Section II.7.2). At applied 
potentials higher than ~ -0.2 V a Helmholtz model was used, and at lower potentials a 
Randles circuit was used (equivalent circuits are shown in Figure II.7). The data shown in 
Table III.4 was obtained after analysis of impedance measurements taken at an applied 
potential of –0.5 V vs SCE. This applied potential was chosen because no 
electrochemical reactions are expected to occur at this potential (this has been 
demonstrated by measuring the redox potential of copper (II) on the surface using CV 
and impedance techniques). Also, impedance measurements at -0.5 vs SCE allows 
modeling the experimental data using an equivalent Randles circuit with a Warburg 
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impedance, which provides values of multilayer resistance and double-layer capacitance 
that clearly indicate the changes in insulating properties of the surface. 
The initial SAM (for both Films I and II) exhibits high values of resistance and low 
values of capacitance for the monolayer.  These values are in keeping with the literature 
on SAMs, and are typical of a well-ordered monolayer84, 152. The films show very 
different behavior after deposition of the first layer of metal ions, with significantly 
smaller resistance and larger capacitance values. This behavior is expected for conducting 
layers. While higher capacitance could also be due to significant defects in the film, the 
results for at least the first four layers of each film, contact angle, IR and cyclic 
voltammetry results indicate that the film possesses high order. In fact for all of the films 
studied, Cu(II) capped films consistently exhibit lower resistance than dicarboxypyridine 
capped films, indicating that the latter are more insulating than the former. The same is 
true for films with Fe(III) except until the fifth layer when the disorder of the film is 
evident from all characterization techniques. 
 
Layer RSAM ohms CDL µF/cm2 
I-a: SAM 
I-b: SAM-Cu 
I-c: SAM-Cu-By 
I-d: SAM-Cu-By-Cu 
I-e: SAM-Cu-By-Cu-By 
I-f: SAM-Cu-By-Cu-By-Cu
12500 ± 500 
3600 ± 300 
6100 ± 600 
5000 ± 50 
5900 ± 600 
4000 ± 600 
4.5 +/- 1.0 
19.2 ± 4.5 
11.2 ± 1.6 
17.1 ± 2.0 
16.4 ± 3.5 
10.7 ± 1.8 
II-a: SAM 
II-b: SAM-Fe 
II-c: SAM-Fe-By 
II-d: SAM-Fe-By-Fe 
II-e: SAM-Fe-By-Fe-By 
12900 ± 400  
2300 ± 200 
3900 ± 300 
3200 ± 200  
3700 ± 300 
4.8 ± 0.8 
23.6 ± 1.2 
8.2 ± 0.8 
20.2 ± 0.8 
22.1 ± 2.1 
Rsolution values are less than 200 ohms 
Table III.4: IS results for different layers of Films I and II. 
The insulating-conducting behavior of the films is confirmed by results of conductivity 
measurements carried out by cyclic voltammetry in an aqueous solution of K3[Fe(CN)6].  
Figure III.25 displays the cyclic voltammograms obtained for different films. 
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Figure III.25: CV results for several layers of Film I 
 
The redox curve corresponding to the bare gold electrode shows the expected oxidation 
and reduction of ferricyanide measured in the range from –0.5 V to + 0.7 V vs SCE.  
Upon self-assembly of a monolayer on that electrode, the redox wave is significantly 
attenuated, signifying the formation of a relatively well packed, partially insulating SAM 
(a significant faradaic current is still present in the SAM film).  With deposition of Cu(II) 
or Fe(III), the redox wave returns to nearly the same intensity as seen with bare gold. The 
shift of the oxidation and reduction peak voltages is not significant enough to attribute 
this effect to tunneling of electrons through the SAM. The results discussed in the 
previous chapter shown that the alternating CV conducting/insulating effect is related to 
permeation of the electrolyte through the film, a process that depends on the nature of the 
outmost layer. Alternating conducting and insulating behavior is observed for films I-c 
through I-f, and II-b through II-d with little diminution of the peak current for successive 
metal capped layers (as is shown in Figure III.25 for the case of Cu(II)). As it was 
described before, the alternating conducting/insulating CV results observed in the 
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presence of ferricyanide is the result of ion-gate opening of the film when it is capped 
with a layer of metal ions. 
III.2.3 Conclusions 
 
I have provided evidence that a non-covalent strategy can be used for the construction 
of multilayered thin films with tunable thickness and with switchable conducting 
properties.  I realize that these systems are not optimized, as multilayered films of greater 
thickness than presented here suffer from disorder as evidenced by impedance and 
conductivity measurements.  However, this work illustrates proof of concept that 
architectures similar to this can be used to develop tunable thin films.  Future work will 
focus on developing linker groups that will impart added order into thin film in two 
dimensions, thus increasing its stability and the likelihood of observing the trends 
presented here in films with much greater thickness. 
 
III.2.4 Future Work 
 
More ordered films could be obtained with simple modifications to the films proposed on 
this chapter. First, it would be convenient to use a longer alkyl chain spacer for the first 
layer. Monolayers of dicarboxypyridine-hexadecanethiol and pyridine-hexadecanethiol 
could be used as the underlying substrate to possibly enhance the order of the film and 
allowing deposition of more layers and formation of ticker films. Mixed monolayers of a 
functionalized alkanethiol and an “inert” alkanethiol as proposed in the previous chapter 
could be used to provide spacers in the film that would also lead to deposition of more 
ordered layers of metals and other ligands. Figure III.26 shows the structure of these 
mixed films.  
 
In order to create more significant nanoscale structures that could potentially serve as 
nanoelectrical components, such as those reported as potential molecular transistors, or 
molecular wires showing negative differential resistance* (NDR) behavior153-156, it would 
                                                 
* Negative differential resistance is a property of electrical circuit elements in which, over certain voltage 
range, current is a decreasing function of voltage. 
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be desirable to create junctions using the multilayers as spacers, like metal-SAM-metal 
junctions. This could be attained by building ordered films and capping those multilayers 
with a compound containing a thiol headgroup that would be exposed on the surface, as 
shown in Figure III.26. The multilayered film can be capped with a layer of gold by 
chemical vapor deposition (CVD) or by deposition of gold nanoparticles. Methods for 
fabrication of sandwich architectures by CVD deposition of gold or gold nanoparticles on 
SAMs are known and are relatively straightforward experimental procedures157, 158. 
Preparation of these structures should provide with materials whose electrical properties 
can be investigated by electrochemical and scanning probe methods. 
 
III.2.5 Experimental 
 
All the characterization techniques were previously described (Chapter II). Preparation of 
monolayers and multilayers with chelidamic-decanethiol and tetracarboxypyridine was 
described before (Chapter III-A). Monolayers of pyridine-decanethiol were prepared 
from 5 mM solutions in ethanol and after an immersion time of 24 hours. 4,4’bipyridil 
layers were prepared from 2 mM solutions in ethanol, with immersion times of 24 hours. 
The experimental synthetic procedure for some of the compounds presented in this 
Chapter was described before (Chapter III-A). 
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Syntheses 
 
Preparation of 4-(10-sulfhydryl-decyloxy)-pyridine 
 
(i) 4-(10-Bromodecyloxy)-pyridine 
N
O
Br
 
Preparation followed a modified literature procedure142. A sample of 1.00 g (10.5 mmol) 
of 4-hydroxypyridine and 9.47 g (31.5 mmol) of 1, 10-dibromodecane was dissolved in 
50 mL of dry acetone. Potassium carbonate (2.90 g, 21 mmol) was added and the mixture 
was heated to reflux for 20 h. The solution was filtered and the filtered solid was washed 
with dichloromethane. The solvent was removed and the residue was purified by 
chromatography. The excess of 1, 10-dibromodecane was quickly removed from the 
column using dichloromethane-hexane 1:1. The expected product was eluted using 
dichloromethane-methanol 10:1 as mobile phase. An orange oil was obtained after 
complete evaporation of the solvent mixture. Yield: 54%. Rf: 0.8 (dichloromethane-
methanol 2:1) 1H-NMR (400 MHz, CDCl3): δ 1.17-1.43 (m, 12 H, CH2); 1.82-1.87 (m, 4 
H, CH2CH2Br); 3.42 (t, 2 H, CH2Br); 4.30 (t, 2 H, O-CH2); 7.50 (d, 2 H); 9.18 (d, 2H) 
13C-NMR (100 MHz, CDCl3): δ 26.0, 28.0, 28.6, 29.0, 29.1, 29.2, 31.9, 33.1, 34.5 (CH2); 
71.8 (O-CH2); 114.4; 128.1; 146.7; 170.6 (pyridine) 
 
(ii) 4-(10-mercapto-decyloxy)-pyridine  
N
O
SH
 
The free thiol compound was synthesized by two methods. The first method is similar to 
the procedure employed in the synthesis of 4, (10-sulfhydryldecyloxy)pyridine-2,6-
dicarboxylic acid. A sample of 1.8 g (5.7 mmol) 4-(10-bromodecyloxy)pyridine and 0.94 
g (8.2 mmol) of potassium thioacetate were dissolved in 75 mL of absolute ethanol. The 
solution was heated to reflux for 24 h. The solution was filtered and then partitioned in a 
mixture of dichloromethane/water. The organic phase was triple rinsed with water and 
dried over anhydrous sodium sulfate. The solvent was removed to afford a red oil. This 
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oil was dissolved in 50 mL of ethanol. Potassium hydroxide (0.23 g, 4.1 mmol) was 
added and the mixture was stirred at room temperature for 20 minutes. The reaction was 
quenched with a few drops of acetic acid. The solvent was removed and the residue was 
dissolved in dichloromethane. The organic solution was washed with water and dried 
over anhydrous sodium sulfate. The solvent was removed to yield 0.8 g of a light red oil. 
Yield: 75%.   
Alternatively, a second method was employed following reference 159. This method 
allows replacing the bromine substituent with a thiol group in one step. A sample of 1.3 g 
(3.3 mmol) of 4-(10-bromodecyloxy)pyridine was dissolved in 10 mL of THF (sample 
concentration ~0.5 M). The solution was cooled to -10 °C. A sample of 1 mL 
hexamethyldisilathiane and 1.5 mL of tetrabutylammonium fluoride (1.0 M solution in 
THF with 5% water). The solution was slowly warmed to room temperature, and stirred 
for 40 minutes (the flask was protected from light). 40 mL of dichloromethane was added 
and the solution was rinsed with saturated ammonium chloride aqueous solution. The 
organic phase was dried with sodium sulfate and the solvent was removed to afford the 
final product. Yield: 70%. Rf(CH2Cl2/CH3OH/hexane 15:5:3) = 0.8. 1H-NMR (400 MHz, 
CDCl3): δ 1.24-1.36 (m, 12 H, CH2); 1.56-1.68 (m, 4H, CH2); 2.68 (m, 2 H, CH2S); 4.13 
(t, 2 H, O-CH2); 6.43 (d, 2 H, pyridine); 7.34 (d, 2 H, pyridine). 13C-NMR (100 MHz, 
CDCl3): δ 26.2, 26.6, 28.8, 28.9, 29.4, 29.5, 29.6, 29.7, 29.8 (9 CH2), 63.6 (O-CH2); 
118.9, 140.3, 179.3 (pyridine). 
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III.3 Photocurrent Generation 
 
III.3.1 Background 
Photosynthetic systems are some of the most sophisticated natural molecular assemblies. 
A photosynthetic center consists of aggregates of chlorophylls and carotenoids that 
absorb light to start a sequence of electron transport steps. Organized, artificial molecular 
assemblies are of potential use in the design of efficient devices for photoenergy 
conversion and fabrication of these artificial systems is currently an important topic in 
molecular-device research132, 160-164. The design of artificial photosynthetic systems 
requires the organization of light harvesting, electron donating and electron accepting 
groups into a compact, supramolecular assembly that has high efficiency and stability.  
 
Several groups have demonstrated the use of self-assembled monolayers (SAMs) on 
surfaces to generate current when exposed to light. Figure III.27 shows three examples of 
SAMs with a chromophore exposed on the surface. The light-harvesting group generates 
a photocurrent flow through the system and the photocurrent efficiency is dependent, 
upon the rate of electron transfer from the gold to the chromophore or viceversa. 
Compounds with fullerene (a) and tetraphenylporphyrin (b) in Figure III.27 were reported 
by Imahori and co-workers49, 161. The compounds contain an alkanethiol as a backbone to 
separate the chromophore from the surface. Alkanethiols have the advantage of 
producing well-packed ordered SAMs and represent the simplest model that can be 
prepared to study the mechanism of energy transfer and photocurrent generation. 
Compound 1c was reported by Kimura132. It contains a peptide backbone, which 
introduces a more complex system in terms of photocurrent generation compared to the 
alkanethiol SAMs as it is known that the electrostatic field of the peptide will favor the 
rate of electron transfer and hence the generation of photocurrent.165-169  
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Figure III.27: Examples of SAMs capable of generating photocurrent reported in the 
literature. References 49, 132, 161 
 
The rational design of more complex SAMs is expected to favor the efficiency and 
stability of photocurrent generation. For example, Uosaki et al.104, 170-172 created SAMs 
consisting of alkanethiols containing porphyrins as antenna groups and ferrocene or 
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quinones as electron relay groups, the latter serving to drive electron transfer 
thermodynamically between the antenna and the surface. Imahori and co-workers49, 105, 
106, 161, 162, 173-177  prepared monolayers containing mixtures of chromophores to enhance 
the antenna effect and various electroactive groups to promote electron transfer in SAMs. 
Figure III.28 shows an example of one of these complex systems, a molecular triad 
containing ferrocene, porphyrin and fullerene. The porphyrin acts as the light absorber to 
generate photocurrent and the ferrocene and fullerene enhance the photocurrent by 
facilitating electron transfer from the gold surface towards an electron acceptor in 
solution, typically methyl viologen that helps maintain a steady current flow while the 
sample is exposed to light. A common feature of each of these systems is that the various 
components of the SAM are linked covalently and as a consequence demand considerable 
synthetic effort to prepare. 
 
Incorporation of multiple molecular components into thin films can also be achieved by 
the non-covalent assembly of multilayered films using metal ligand binding. Thompson 
et al.160 reported the generation of current upon excitation of multilayered films 
composed of sulfur-containing porphyrin and viologen ligands complexed with copper 
ions.  
 
In this chapter the results from several photocurrent-generating self-assembled 
monolayers and multilayers are presented. The design and fabrication of these SAMs is 
based on a similar rationale as it has been used by other groups. The first systems 
consisted of chromophores covalently attached to molecules capable of forming stable 
monolayers on gold. The next step was to design more sophisticated systems with the 
purpose of increasing the efficiency of photocurrent generation. This led to the design of 
multilayered films based on non-covalent interactions (metal-ligand complexation). 
These non-covalent systems are capable of generating significant photocurrent and 
reduce the synthetic complications commonly encountered in the preparation of large 
covalent molecules. The subsequent steps were chosen to increase the stability and 
efficiency of photocurrent by changing several conditions that are likely to play a role in 
the generation of photocurrent, for example the effect of using different chromophores, 
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substrates other than gold, incorporation of fullerene as electron antenna in the SAM 
structure, or incorporation of viologen as electron acceptor in the SAM structure. 
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Figure III.28: Complex triad for photocurrent generation from Reference 105 
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III.3.2 Results and Discussion 
 
a. Preliminary Models: Covalent SAMs 
Figure III.29 shows the structure of three films that were synthesized. The first molecule 
is a peptide similar to the one reported by Kimura132 bearing an N-ethyl carbazolyl-
alanine group. A second peptide was made with pyrenylalanine as the photoactive 
component. The selection of an aminoisobutyric acid and alanine (Aib-Ala) peptide 
sequence was based on literature reports that specify that Aib-Ala is an adequate 
sequence to obtain good helical peptide formation, and that helical peptides provide 
formation of ordered films on gold surfaces132, 178-182. The selection of 1,2-dithia-3-(1-
amino-n-pentyl)cyclopentane (lipoamine) as the coupling unit to the gold surface was 
based on literature reports showing that lipoamine tends to form highly ordered 
monolayers, although the angle of the molecule with respect to the surface’s normal is 
slightly distorted because the dithiolane ring is not symmetrical132, 180, 181.  We chose to 
incorporate a pyrene molecule in the second peptide, and also to use pyrene in our 
subsequent novel systems because pyrene is a relatively stable molecule, a strong light 
absorber (ε ~ 5000 M-1cm-1) and its photochemistry has been extensively studied. 
Furthermore, pyrene has been used in our laboratory for previous applications such as the 
fabrication of cyclic peptide nanotubes and thus we have previous experience in the 
synthesis and characterization of pyrene-containing compounds.183 Compound 3 was 
synthesized to provide a different molecule, based on an alkanethiol backbone, to attempt 
formation of well-ordered SAMs on a gold surface.  
 
The three compounds shown in Figure III.29 served as benchmark materials to carry out 
our first experiments related to SAMs preparation, electrochemical characterization and 
photocurrent generation. All three compounds are capable of forming well-ordered SAMs  
(based on the insulating effect observed in CV experiments) and to generate photocurrent 
in the range 0-20 nA/cm² depending on the applied voltage and electrolyte in solution. 
Table III.5 shows the photocurrent results obtained from the samples shown in Figure 
III.29. Figure III.30 shows an example of photocurrent generation from Compound 2. 
The background dark current corresponds to capacitive current. Upon illumination of the 
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sample, a photocurrent of ~10 nA/cm2 is measured compared to the dark current. 
Cathodic photocurrent generation was measured in the presence of methyl viologen as 
electron acceptor in solution. Briefly, the mechanism of photocurrent generation (a 
scheme with the main steps is shown in Figure III.31) consists of photoexcitation of the 
chromophore on the surface, followed by electron transfer from the excited state of 
pyrene or ethyl-carbazole to the electron acceptor in solution. The electron acceptor 
diffuses towards the counter electrode to generate the current cycle. The ground state of 
the pyrene molecule is formed again by electron injection from the gold surface.  
 
The reverse (anodic) photocurrent generation process was also studied by measuring the 
photocurrent in the presence of triethanolamine (TEA) or EDTA as electron donors. All 
films generate anodic photocurrent at applied positive potentials but the magnitude of 
photocurrent is relatively low (less than 5 nA/cm² for 2 and less than 2 nA/cm² for 1 and 
3) compared to cathodic photocurrent.  A more detailed mechanism for both cathodic and 
anodic photocurrent generation process is given based on results from multilayered films 
(see below). 
 
The intensity of the photocurrent measured from these films is comparable to the 
photocurrent previously obtained by other groups working with similar compounds. The 
peptide SAMs were not further investigated because new films were proposed following 
the idea presented in the previous chapter (molecular wires) to build the multilayered 
films described below. However the peptide SAMs are promising materials and their 
photocurrent efficiency and nature of photocurrent (anodic or cathodic) can be easily 
improved upon proper design of the molecule to facilitate electron transfer through the 
peptide backbone. Kimura132 et al. have demonstrated this with peptides modified with a 
chromophore group at either the N or C-terminus of the molecule. In more recent work 
the same authors have demonstrated the fabrication of mixed monolayers of peptides 
bearing different chromophore groups that can switch photocurrent direction depending 
on which of the chromophore groups is photoexcited184, and also the fabrication of 
photocurrent SAMs with helical peptides carrying linearly space naphthyl groups at the 
side chains to enhance the electron transfer through the monolayer164. 
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Figure III.29: Structures of Peptides with N-ethyl carbazolyl (1) and pyrenyl (2), and 
pyrene-decanethiol (3) 
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Potential Peptide Pyrene-decanethiol 
-0.3 +20 +3 
-0.2 +11 +3 
-0.1 +6 +0.9 
0 +6 +0.7 
+0.1 -1 -0.4 
+0.2 -1.2 -1 
+0.3 -2 0 
+0.4 -3 0 
+0.5 -3 0 
Table III.5: Cathodic photocurrent peptide 2 and pyrene-decanethiol 
 
Figure III.30: Photocurrent generated following exposure of a SAM of peptide 2 with ~1 
mW at 350 nm at constant applied voltage =  0 V vs SCE in a solution containing  methyl 
viologen 
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Figure III.31: Scheme showing the important steps of cathodic photocurrent generation 
 
  
b. Non-Covalently Assembled Multilayered Films 
 
Figure III.32 shows the structures of the first set of multilayered films assembled in this 
study. The structure of these films is based on a SAM constructed from an alkanethiol 
capped with 2,6-dicarboxypyridine. (Figure III.32 shows the films containing a C10 
chain). The SAMs were exposed to a solution of metal ions that complex with a 2,6-
dicarboxypyridine ligand. In film I, the metal ion is capped with a second 2,6-
dicarboxypyridine group covalently linked to a light absorbing pyrene group. 
Alternatively, more complex films were constructed using appropriate linking groups. 
For example, in Film II the metal layer is capped with a 2,2’,6,6’-dipyridine 
tetracarboxylic acid linking group that complexes a second layer of metal ions that are 
capped with the pyrene group. In films III and IV, pyrene groups disubstituted with 2,6-
dicarboxypyridine were used as linkers, allowing the deposition of multiple pyrene 
layers. In films with more than one metal layer, the same metal ion is used.  
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The selection of 4-pyridyl-2,6-dicarboxylic acid and 4,4’-bipyridiyl 2,2’6,6’ 
tetracarboxylic acid ligands was made upon the work by MacDonald23  who showed that 
complexation of metal ions such as Cu(II) and other transition metals with these ligands 
results in the formation of stable complexes in which the metal ion is fully encapsulated 
between two of the ligands. The results of contact angle, ellipsometry, grazing incidence 
IR, cyclic voltammetry and impedance spectroscopy performed following the deposition 
of each layer of films I-IV strongly support two conclusions. First, despite the size of the 
dicarboxypyridine head group compared to the alkane chain, the molecule forms a 
relatively ordered SAM, consistent with the results of other reported studies in which 
functionalized SAM’s were found to be highly ordered104 142, 185. Second, it is clear that 
the films are assembled through a specific metal ligand interaction in which the metal ion 
is complexed with the tri-dentate dicarboxypyridine ligand as shown in Figure III.32. 
Further support for a specific interaction rather than a non-specific interaction is provided 
by the results of attempts to deposit metal ions on dodecanethiol SAMs, i.e., SAMs 
without a complexing ligand. In such cases, no change in the electronic or physical 
characteristics of the SAM is observed when it is exposed to solutions of metal ions. This 
indicates that the ligand is required for multilayer assembly. Furthermore, attempts to 
deposit a dicarboxypyridine-containing pyrene ligand on a dodecanethiol SAM or on a 
dicarboxypyridine SAM that does not also contain a metal ion were unsuccessful, again 
showing the need for a metal-ligand interaction for film assembly*. 
 
Photocurrent measurements obtained for the films, demonstrate that each of the systems 
shown in Figure III.32 that contain Cu(II), Fe(III) and Co(II) ions, generates current upon 
photoexcitation. The results further indicate that Cu(II) and Fe(III) generally yield more 
reproducible results than Co(II), especially in the preparation of Films II and IV. Films I  
were also prepared using Pb(II), Ag(I) and Ru(III). Characterization of these films 
showed formation of multilayers with similar degree of order to films with Cu(II) and 
                                                 
* Characterization and photocurrent results for films with more than one layer of metal ions correspond to 
samples in which all metal layers contain the same metal. Multilayers with layers of mixed metals (i.e. first 
layer Co, second layer Cu) were also prepared. Characterization results show the formation of ordered films 
with mixed metal layers, in particular those of Cu-Fe. The presence of different metals on the films did not 
enhance the photocurrent results.  
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Figure III.32: Structure of multilayered films with chelidamic acid ligands. 
 
 
 129
 
Fe(III), although the generation of photocurrent in the presence of methyl viologen or 
TEA did not improve (it was actually ~50-75% smaller). Films constructed with Ni(II), 
Zn(II) and Mn(II) did not give acceptable results, as deposition of the second and 
subsequent layers did not appear to give complete surface coverage. This conclusion is 
supported by only minor changes in conductivity and contact angle in these systems after 
the attempted deposition of each layer and the lack of photocurrent generation. The fact 
that multilayers can be formed only with certain metals suggests that complexation of the 
metal with the pyridine ligands is geometrically controlled.  A variety of transition metals 
are known to complex with 2,6-dicarboxypyridine ligands in solution with high stability 
constants for the complexes (log β = 8.49 to 16.52).23, 186 The geometry of these metal-
pyridine complexes is dependent on the metal, with slightly different angles observed for 
the interaction of the metal with the dicarboxypyridine ligands. Given these subtle 
differences it is possible that the tilt angle of the SAM in our systems may restrict binding 
to specific geometries and angles and as a result favor some metals over others. 
 
(i)  Contact Angle Measurements 
  
Table III.6 summarizes the contact angles obtained for each film after the deposition of 
each layer. As expected, the results generally show that films capped with an organic 
ligand have larger contact angles (are more hydrophobic) than films capped with metal 
ions (hydrophilic). The more hydrophilic character of metal ion-capped films is likely 
due to the complexation of the metals by water. The ellipsometry data supports this 
hypothesis (see below). We note that the magnitude of the change in contact angle from 
metal capped-films to organic ligand capped-films varies with the metal used and that the 
largest changes are observed for the Cu(II) and Fe(III) containing systems. While one 
possible explanation for this difference is that the Cu(II) and Fe(III) systems are better 
ordered than the Co(II) systems and therefore form more complete layers, contact angle 
results are at best qualitative macroscopic indicators of surface composition. In contrast, 
the ellipsometry data shown below support the formation of complete layers for all four 
types of films with each metal.   
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Film  Contact angle (degrees) 
SAM (Chelidamic decanethiol) 
SAM-Cu(II) 
SAM-Cu(II)-Pyrene 
  
SAM-Co(II) 
SAM-Co(II)-Pyrene 
 
SAM-Fe(III) 
SAM-Fe(III)-Pyrene 
63.5 ± 0.5 
51 ± 1 
76 ± 1 
 
32 ± 4 
65 ± 5 
 
44 ± 6 
68 ± 1 
SAM-Cu(II)-BiPy (Chelidamic dt) 
SAM-Cu(II)-BiPy-Cu(II) 
SAM-Cu(II)-BiPy-Cu(II)-Pyrene 
 
SAM-Co(II)-BiPy 
SAM-Co(II)-BiPy-Co(II) 
SAM-Co(II)-BiPy-Co(II)-Pyrene 
 
SAM-Fe(III)-BiPy 
SAM-Fe(III)-BiPy-Fe(III) 
SAM-Fe(III)-BiPy-Fe(III)-Pyrene 
60 ± 1 
48 ± 1 
78 ± 1 
 
61 ± 2 
52 ± 5 
58 ± 4 
 
57 ± 4 
47 ± 2 
65 ± 3 
SAM-Cu(II)-Pyrene  (Chelidamic dt) 
SAM-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)  
SAM-Co(II)-Pyrene-Co(II)-Pyrene  
 
SAM-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III) 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
59 ± 5 
50 ± 4 
68 ± 3 
 
61 ± 3 
56 ± 4 
60 ± 1 
 
57 ± 3 
41 ± 5 
53 ± 2 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene (Chelidamic dt) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II) 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II)-Pyrene 
 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)  
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)-Pyrene 
61 ± 4 
47 ± 5 
73 ± 2 
 
65 ± 2 
54 ± 8 
66 ± 3.0 
 
57 ± 3 
41 ± 5 
65 ± 3 
Table III.6: Contact angle results for films with chelidamic acid ligands 
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(ii) Ellipsometry 
 
Figure III.33 shows a plot of thickness of layers as determined by ellipsometric 
measurements for film IV containing Cu(II) following the addition of each layer. Also 
shown is the expected thickness as determined by molecular modeling. The observed 
increase in film thickness closely matches the predicted values for all films and metal 
ions with the exception of those films for which the top-most layer is the metal ion. The 
measurements for these films consistently indicate an addition to the film thickness 
caused by the metal ion on the order of 0.2-0.4 nm, i.e., larger than would be expected for 
the addition of the metal as calculated by modeling. We attribute this effect at least in 
part to the complexation of water molecules on the surface by Cu(II) which, effectively, 
increases the thickness of the film.  Table III.7 gives the ellipsometry data for films I-IV. 
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Figure III.33: Thickness results after deposition of each layer of Film IV (M= Cu(II)) 
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Film  Thickness (nm) 
SAM  (Chelidamic decanethiol) 
SAM-Cu(II) 
SAM-Cu(II)-Pyrene 
 
SAM-Co(II) 
SAM-Co(II)-Pyrene 
 
SAM-Fe(III) 
SAM-Fe(III)-Pyrene 
1.2 ± 0.2 
1.5 ± 0.2 
3.1 ± 0.3 
 
1.9 ± 0.4 
2.8 ± 0.3 
 
1.9 ± 0.4 
3.4 ± 0.4 
SAM-Cu(II)-BiPy  (Chelidamic decanethiol) 
SAM-Cu(II)-BiPy-Cu(II) 
SAM-Cu(II)-BiPy-Cu(II)-Pyrene 
 
SAM-Co(II)-BiPy 
SAM-Co(II)-BiPy-Co(II) 
SAM-Co(II)-BiPy-Co(II)-Pyrene 
 
SAM-Fe(III)-BiPy 
SAM-Fe(III)-BiPy-Fe(III) 
SAM-Fe(III)-BiPy-Fe(III)-Pyrene 
2.1 ± 0.4 
2.5 ± 0.3 
5.9 ± 0.4 
 
2.1 ± 0.3 
2.6 ± 0.3 
4.7 ± 0.3  
 
2.4 ± 0.3 
3.0 ± 0.3 
4.0 ± 0.2 
SAM-Cu(II)-Pyrene (Chelidamic decanethiol) 
SAM-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)  
SAM-Co(II)-Pyrene-Co(II)-Pyrene  
 
SAM-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III) 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
3.8 ± 0.3 
4.0 ± 0.3 
5.3 ± 0.3 
 
3.4 ± 0.3 
3.6 ± 0.3 
5.5 ± 0.3 
 
4.1 ± 0.4 
4.4 ± 0.3 
5.3 ± 0.3 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene (Chedt) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II) 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II)-Pyrene 
 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)  
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)-Pyrene 
5.9 ± 0.3 
6.3 ± 0.3 
8.3 ± 0.3  
 
6.4 ± 0.4 
6.7 ± 0.3 
7.9 ± 0.3 
 
5.8 ± 0.4 
6.3 ± 0.4 
8.3 ± 0.4 
Table III.7: Thickness results for all films with Chelidamic acid ligands 
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(iii)  Grazing angle FT-IR 
 
Figure III.34 shows the IR spectra after sequential deposition of components for film I 
with Cu(II). Deposition of the pyridine-alkanethiol yields an IR spectrum with 
characteristic absorption bands for methylene asymmetric and symmetric stretching at 
2924 and 2852 cm-1. These vibrations are generally observed for alkanethiols packed on a 
gold surface with a liquid-like structure rather than a more ordered crystalline structure69, 
149, 187. A broad, poorly defined band above 3000 cm-1 is assigned to the carboxylic acid 
group and the characteristic C=O band is observed at 1726 cm-1. With deposition of the 
second and third layers significant changes are observed. Deposition of the metal 
produces new absorption bands at 3300-3500 cm-1 for all metals, and at 2088 cm-1 for 
Cu(II) and 2359 cm-1 for Co(II). No new band was observed in this region for Fe(III). 
These bands are attributed to the formation of carboxylate anions that form during 
complexation with the metal ions. Deprotonation of at least two carboxylic acids per 
metal (II) ion is required to maintain charge neutrality in the film.  Carboxylate anions are 
known to form strong O-H…O hydrogen bonds with neutral carboxylic acid groups that 
can cause OH stretching frequencies to shift significantly to lower wavenumbers. 
Johnson and Rumon have shown that OH groups of carboxylic acids that form strong 
hydrogen bonds to pyridines have stretching frequencies in the range 2600-1900 cm-1.188 
These results are consistent with those reported for other metal ion-ligand complexes in 
solution as well as with previous studies of multilayered thin films containing metal 
ions.32, 150 Capping of the metal layer with a pyrene-containing ligand shows a decrease in 
the broad band at 3300-3500 cm-1 and the formation of small bands above 3000 cm-1 due 
to aromatic C-H (pyrene) absorption. Similar results were observed for Film II. IR was 
not a useful technique to characterize Films III and IV because increasing number of 
layers did not introduce new, characteristic absorption bands.  
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Figure III.34: IR spectra of components of Film I 
 
(iv)  Cyclic Voltammetry 
 
Cyclic voltammetry performed in the presence of a redox active species such as 
potassium ferricyanide is a useful technique to follow deposition of each layer in the 
multilayered films. Figures III.35 and III.36 show the cyclic voltammograms obtained for 
films I and II with Cu(II), respectively, following the deposition of each layer in the film. 
The CV of the bare gold substrate shows peaks characteristic of the ferricyanide redox 
behavior. Deposition of the alkanethiol-containing 2,6-dicarboxypyridine results in the 
loss of these redox peaks, indicating the formation of a well-packed insulating 
monolayer. Subsequent deposition a second layer of metal ions is signaled by the 
regeneration of the ferricyanide peaks, indicating that the complexation of metal ions by 
the ligands causes the films to become conducting once again. Subsequent alternating 
depositions of ligands and metal ions show alternating changes in conductivity. 
 
Cyclic voltammetry was used more extensively in the characterization of the films, 
specifically in the detection of the redox peaks of the surface-confined metal layers. A 
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more detailed description of the use of CV for characterization of the multilayered films 
was presented in Chapter III.1. 
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Figure III.35: CV of each layer of Film I 
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Figure III.36: CV of each layer of Film II 
 
 
(v)   Impedance spectroscopy  
 
The impedance behavior of the multilayer films is generally characteristic of that reported 
previously for monolayer and other multilayer films. Impedance results for the SAM 
(first layer) shows the same pattern as observed for typical alkanethiols adsorbed on gold 
by Lennox80-82 The results can be interpreted using the Helmholtz capacitor model 
(Figure II.7.a) and show that this monolayer is nearly defect-free for applied potentials in 
the range +0.4 to –0.2 V vs SCE. At lower potentials the Helmholtz model does not 
adequately fit the results and, as a consequence, a Randles circuit is used to analyze the 
spectra (a solution resistance in series with a parallel combination of double layer 
capacitance and monolayer resistance). 
 
For general characterization purposes, a potential of –0.5 V was chosen to take all 
measurements because modeling of the results using a Randles circuit (Figure II.7.b) 
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allows changes in the resistance and capacitance to be tracked following addition of each 
layer. Monolayers with high impedance typically have resistance and capacitance values 
on the order of 1x104- 1x105 ohms/cm2 and 1-10 uF/cm2, respectively.84, 104, 152 Table 
III.8 summarizes the impedance results obtained for films I-IV. Generally, the resistance 
of the monolayer, RSAM, decreases following deposition of metal ions (similar to behavior 
noted by Reinhoudt et al.189 for monolayers complexed with Ni(II) and Co(II)).  Then, 
parallel with the CV results, alternating changes in film resistance are observed with 
deposition of each subsequent layer.  
 
Films I-IV exhibited low capacitance values with deposition of the dicarboxy pyridine-
decanethiol layer, confirming the formation of a relatively well-packed monolayer with 
few defects. As more layers are added, there is an increase in the capacitance, indicating 
an increase in the number of defects and a decrease in the degree of order in the films. In 
addition to this general increase in capacitance, in some cases the values also alternate, 
with higher capacitance observed for metal-capped films and lower values for ligand-
capped films. The most pronounced alternations occur for Fe(III)-capped films 
particularly those for films II-IV. For example, in film II containing Fe(III), before 
capping with the pyrene ligand, the capacitance reaches a value of 180 µF, approximately 
a 10-fold increase over the value for the complete film. We attribute this behavior in part 
to the larger charge on Fe(III) as compared to Cu(II) and Co(II). The effect of this larger 
charge also is reflected in the photocurrent values (see below). 
 
The impedance analysis at a single applied potential using a Randles equivalent circuit to 
fit the data is commonly used to characterize SAMs because of the simplicity of the 
model. A more detailed electrochemical analysis of the multilayered films was given in  
chapter III.1.   
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Film RSAM  
(± 200 ohms) 
Cdl  
(±1.0uF/cm²) 
SAM (chelidamic decanethiol) 
SAM-Cu(II) 
SAM-Cu(II)-Pyrene 
 
SAM-Co(II) 
SAM-Co(II)-Pyrene 
 
SAM-Fe(III) 
SAM-Fe(III)-Pyrene 
12500 
4100 
7100 
 
5600 
8000 
 
2600 
5000 
4.5 
19.2 
9.7 
 
12.0 
11.2 
 
17.9 
17.3 
SAM-Cu(II)-BiPy (chelidamic decanethiol) 
SAM-Cu(II)-BiPy-Cu(II) 
SAM-Cu(II)-BiPy-Cu(II)-Pyrene 
 
SAM-Co(II)-BiPy 
SAM-Co(II)-BiPy-Co(II) 
SAM-Co(II)-BiPy-Co(II)-Pyrene 
 
SAM-Fe(III)-BiPy 
SAM-Fe(III)-BiPy-Fe(III) 
SAM-Fe(III)-BiPy-Fe(III)-Pyrene 
6100 
4000 
6200 
 
9700 
6700 
7200 
 
4800 
1500 
2700 
10.5 
14.3 
11.1 
 
9.5 
7.9 
7.7 
 
15.8 
46.6 
39.1 
SAM-Cu(II)-Pyrene (Chedt) 
SAM-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)  
SAM-Co(II)-Pyrene-Co(II)-Pyrene  
 
SAM-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III) 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
5500 
4100 
8200 
 
10000 
6400 
6700 
 
5600 
1800 
2900 
14.2 
25.5 
17.3 
 
8.8 
6.0 
7.8 
 
10.9 
132 
83 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene  
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II) 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II)-Pyrene 
 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)  
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)-Py 
6200 
3300 
4100 
 
8400 
7500 
8500 
 
2300 
1800 
2800 
12.8 
21.6 
18.8 
 
8.7 
9.6 
7.9 
 
29 
89 
38 
Table III.8: Impedance results from Nyquist plots obtained at –0.5 V vs SCE for all 
films with dicarboxypyridine ligands. 
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(vi) Photocurrent Generation 
 
UV lamp photoexcitation of films I-IV in an aqueous solution containing methyl 
viologen, and a supporting electrolyte results in the generation of both cathodic and 
anodic photocurrent depending on the magnitude of the applied potentials and the identity 
of the metal ion in the films. For both Cu(II) and Co(II) ions, cathodic photocurrent was 
observed at potentials less positive than +0.2 V vs SCE. Above this potential, a small but 
reproducible anodic photocurrent is observed. When Fe(III) is incorporated in the films, 
cathodic photocurrent is observed at potentials below 0 V vs SCE but at more positive 
potentials, significant anodic photocurrent is generated. Figure III.37 shows the results 
obtained for Film I at an applied potential of 0 V vs SCE where the metal ion is Cu(II). 
All photocurrent experiments show a similar capacitive behavior, with a decreasing dark 
background current. The photocurrent is measured in this experiment when the lamp was 
alternately shuttered and unshuttered as indicated in Figure III.37. The magnitude of the 
photocurrent is reproducible over multiple cycles. (Prolonged photoexcitation does not 
result in any degradation of the photocurrent signal.) Figure III.38 summarizes the results 
obtained for film I with Cu(II), Co(II) and Fe(III) ions over a range of applied potentials 
and Table III.9 lists the photocurrent values observed for films I-IV constructed using 
Cu(II), Co(II) and Fe(III) ions over this same range of potentials. As expected, the data in 
Table III.9 indicate that the cathodic photocurrent is highest for film IV since this film 
contains multiple layers of pyrene groups and therefore has higher absorption.   
 
The generation of cathodic photocurrent in these systems can be explained by a similar 
straightforward mechanism that has been reported previously by various groups104, 132, 174 
and that was used to explain the photocurrent generation from molecules shown in Figure 
III.33.  Following photoexcitation of the pyrene group in the films, the excited state of 
pyrene is deactivated by electron transfer to methyl viologen or trace amounts of oxygen 
in solution. (Degassing with nitrogen before the experiments results in lower cathodic 
photocurrent yields, although this decrease was generally between 10-15% of the starting 
photocurrent value.) Diffusion of these electron carriers to the counter electrode where 
oxidation occurs, followed by electron transfer from the working electrode to the pyrene 
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cation radical completes the circuit and results in current generation. The presence of 
positively charged metal ions in the films serves to ‘relay’ the electrons from the 
electrode surface through the multilayered film, thereby increasing the electron transfer 
process. This effect of the metal may also explain the enhanced photocurrent observed in 
film IV; multiple layers of metal ions may be expected to enhance electron transfer 
through the film, thereby increasing the observed photocurrent. Scheme III.1 summarizes 
the chemical reactions that take place at both the working and counter electrodes during 
cathodic photocurrent generation. Figure III.39 summarizes the important steps for the 
proposed mechanism for cathodic photocurrent generation in films I-IV in the presence of 
methyl viologen containing solutions.  
 
 
Figure III.37: Photocurrent generated following exposure of Film I (M = Cu(II)) with ~1 
mW at 350 nm at constant applied voltage =  0 V vs SCE in a solution containing  20 mM 
methyl viologen 
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Figure III.38: Photocurrent intensity of Film I with different metals, with ~1 mW at 350 
nm at different applied voltages in an aqueous solution containing 20 mM methyl 
viologen 
 
Figure III.39: Mechanism of cathodic photocurrent generation with electron relay 
groups 
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Film I Film II Applied 
potential (V) Cu(II) Co(II) Fe(III) Cu(II) Co(II) Fe(III) 
-0.2 28 40 31 28 10 10 
-0.1 18 15 7 22 8 12 
0 14 7 6 22 5 9 
+0.1 8 3 -14 6 -1 -9 
+0.2 2 -2 -21 -5 -2 -22 
+0.3 -10 -4 -22 -6 -2 -23 
+0.4 -12 -5 -24 -4 -3 -17 
+0.5 -9 -5 -22 -2 -3 -19 
Units are ± 1 nA/cm² 
Film I: SAM-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Film II: SAM-M-BiPy-M-Pyrene (SAM: Dicarboxypyridine decanethiol)  
 
Film III Film IV Applied 
potential (V) Cu(II) Co(II) Cu(II) Co(II) Cu(II) Co(II) 
-0.2 42 10 5 62 8 7 
-0.1 27 5 8 30 5 8 
0 10 2 -15 12 2 -15 
+0.1 7 -1 -10 0 -2 -14 
+0.2 -2 -2 -26 -3 -2 -14 
+0.3 -3 -2 -18 -6 -3 -25 
+0.4 -9 -4 -21 -16 -4 -30 
+0.5 -7 -4 -34 -17 -5 -31 
Units are ± 1 nA/cm² 
Film III: SAM-M-Pyrene-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Film IV: SAM-M-Pyrene-M-Pyrene-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
 
Table III.9: Photocurrent results with methyl viologen for all films containing 
dicarboxypyridine ligands 
 
The observation of anodic photocurrent at more positive applied potentials in the 
presence of methyl viologen can be explained best by generation of singlet excited state 
of pyrene, electron donation to the working electrode and generation of ground state of 
pyrene following reduction by methyl viologen radicals. The methyl viologen is reduced 
at the counter electrode. Scheme III.2 shows the reactions that occur at the working and 
counter electrodes for generation of anodic photocurrent. The greater magnitude of 
anodic current in the presence of Fe(III) as compared to Cu(II) or Co(II) can be attributed 
to the greater positive charge on the former, which creates a larger electrostatic attraction 
for the electrons, in effect, more efficiently pulling the electrons towards the working 
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electrode. Similar behavior was observed in experiments using triethanolamine as a 
dissociative electron donor (see below), and a similar explanation has been invoked by 
others to explain the anodic photocurrent observed in some metal-containing LB films190. 
 
 
Py
hv Py*
Py* e- Py-.
MV2+ Py-. MV+. Py
Py* MV2+ Py
+. MV+.
Py+. e- Py
MV+. MV2+ e-
Reactions at the working electrode
Following photoexcitation, two possible process take place at the working electrode
or
Reactions at the counter electrode
 
 
Scheme III.1: Mechanism of cathodic photocurrent generation in the presence of methyl 
viologen 
 
An important feature of all photocurrent experiments is the rise and decay times observed 
during photocurrent measurements. The rise time is the period of time necessary to 
achieve maximum photocurrent intensity upon exposing the sample to light. The decay 
time is the time necessary for the photocurrent to completely drop off to a zero value after 
the light has been turned off. The rise and decay times are related to the ion mobility, 
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which is the diffusion of cation radicals generated during the photocurrent process 
between working and counter electrodes. This ion mobility affects both cathodic and 
anodic photocurrent process because diffusion of the cation radicals is necessary to 
complete the set of reactions described in Schemes III.1 and III.2  
 
Py
hv Py*
Py* e-
PyMV2+
Py+.
MV+. Py+.
e- MV+.MV2+
Reactions at the working electrode
Reactions at the counter electrode
 
Scheme III.2: Mechanism of anodic photocurrent generation in the presence of methyl 
viologen 
 
 
Photocurrent experiments also were carried out in the presence of dissociative 
(sacrificial) electron donors such as triethanolamine (TEA) and EDTA. In the case of 
TEA, upon photoexcitation, films I-IV generated anodic photocurrent at applied 
potentials more positive than ~0 V vs SCE, but no photocurrent, either anodic or cathodic 
was produced upon irradiation at negative potentials. Figure III.40 summarizes the 
photocurrent generated from film I (i.e., Cu(II), Co(II), Fe(III) containing films) upon 
photoexcitation in the presence of TEA at a variety of different applied potentials and 
Table III.10 gives the photocurrent values observed for films I-IV, constructed from each 
of the metal ions in this same range of potentials. Figure III.41 presents a specific 
example of anodic photocurrent result. Generally, films with Co(II) and Cu(II) produced 
low intensity anodic current (less than 15 nA/cm2), while films containing Fe(III) 
generated larger anodic current. The suggested mechanism for anodic photocurrent 
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generation in the presence of TEA is given in Scheme III.3 and is outlined in Figure 
III.42. Following photoexcitation of pyrene, electrons migrate to the working electrode in 
response to the positive potential, the triethanolamine dissociatively reduces the pyrene 
cation radical. The oxidized triethanolamine undergoes hydrogen abstraction from 
another triethanolamine molecule. The oxidation of triethanolamine is an irreversible 
process, which makes it an efficient electron donor for photocurrent generation processes 
because the irreversible oxidation prevents charge recombination between TEA and 
pyrene. The oxidation products are reduced at the counter electrode, completing the 
photocurrent process. The lack of cathodic photocurrent reflects the driving force of the 
applied potential and, since Fe(III) again gave the largest anodic photocurrent value, it 
also likely reflects the driving force provided by the positively charged ions in the films.  
 
Py
hv Py*
Py* e-
Py
Py+.
Py+.
e-
Reactions at the working electrode
Reactions at the counter electrode
TEA TEA+.
TEA+. TEA TEAH+ R2N
OH
R2N
OH Py+. Py R2N
OH
oxidation product reduced product  
Scheme III.3: Mechanism of anodic photocurrent generation in the presence of 
triethanolamine 
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Figure III.40: Photocurrent intensity of Film I with different metals, with ~1 mW at 350 
nm at different applied voltages in a solution containing triethanolamine 
 
 
Figure III.41: Photocurrent generated following exposure of Film IV (M = Fe(III)) with 
~1 mW at 350 nm at constant applied voltage = +0.1 V vs SCE in a TEA solution  
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Film I Film II Applied 
potential (V) Cu(II) Co(II) Fe(III) Cu(II) Co(II) Fe(III) 
-0.2 -2 0 -1 0 0 -2 
-0.1 -3 0 -3 -6 0 -5 
0 -4 0 -9 -10 -2 -10 
+0.1 -13 -3 -13 -18 -5 -11 
+0.2 -10 -5 -15 -19 -5 -13 
+0.3 -8 -10 -22 -22 -5 -14 
+0.4 -10 -10 -21 -29 -5 -13 
Film I: SAM-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Film II: SAM-M-BiPy-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Film III Film IV Applied 
potential (V) Cu(II) Co(II) Cu(II) Co(II) Cu(II) Co(II) 
-0.2 0 0 -1 -3 0 -62 
-0.1 0 0 -4 -4 0 -60 
0 -2 -2 -10 -10 0 -67 
+0.1 -13 -4 -18 -15 -2 -85 
+0.2 -15 -4 -19 -16 -5 -89 
+0.3 -15 -4 -15 -16 -5 -43 
+0.4 -10 -5 -33 -13 -8 -57 
Film III: SAM-M-Pyrene-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Film IV: SAM-M-Pyrene-M-Pyrene-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Units are ± 1 nA/cm2 
 
Table III.10: Anodic photocurrent results with TEA for all films with dicarboxpyridine 
ligands  
 
 
 
Figure III.42: Mechanism of anodic photocurrent generation 
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The mechanism of anodic photocurrent generation with TEA is, in principle, applicable 
to photocurrent generation with other dissociative electron donors such as EDTA. 
Nevertheless, the photocurrent results with EDTA were surprisingly different from the 
expected results and cannot be easily explained by the mechanism shown in Figure III.42. 
A small anodic photocurrent (usually of the same intensity as the anodic photocurrent 
with TEA) is generated at applied potentials more positive than +0.2 V vs SCE, which 
can be explained by the same mechanism shown in Figure III.42 for TEA. At applied 
potentials lower than +0.2 V vs SCE a stable, large cathodic photocurrent was measured 
for all films. The fact that the current density increases with negative bias is an indication 
that the current is cathodic. Cathodic current in the absence of an electron acceptor such 
as methyl viologen can be observed as a result of the presence of oxygen in solution, 
which can act as an electron acceptor allowing for a similar mechanism to cathodic 
photocurrent with MV to take place. However, the magnitude of cathodic photocurrent in 
the presence of oxygen is expected to be significantly smaller than the photocurrent 
measured with methyl viologen. Surprisingly, the cathodic photocurrent measured in the 
presence of EDTA is at least 3-4 times higher than the cathodic photocurrent measured in 
the presence of MV. Table III.11 summarizes the photocurrent results for Films I-IV in 
the presence of EDTA, Figure III.43 shows an example of remarkably high photocurrent 
measured for Film I and Figure III.44 compares the magnitude of current for films I with 
different metals. 
 
Cathodic photocurrent generation was not observed in the presence of EDTA for 
covalently bound SAMs on gold. For these SAMs (peptides and pyrene-decanethiol) the 
photocurrent generated in the presence of EDTA was anodic, and the results (both 
magnitude and direction) are similar to the photocurrent measured with TEA. The 
cathodic photocurrent measured in the presence of EDTA is thus characteristic of the 
multilayered films and to the best of our knowledge high cathodic photocurrent in the 
presence of EDTA has not been reported in the literature for any other type of films. The 
fact that only EDTA and not other electron donors like TEA or DABCO shows this 
remarkable cathodic photocurrent is another indication that a significant process is taking 
place between EDTA and the multilayer. EDTA is a strong metal binding molecule with 
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six potential sites available for binding and forms stable 1:1 chelates with metal ions (e.g. 
Cu(II), Fe(III) and Co(II))191. The most reasonable explanation that can be provided up to 
this point is the formation of metal-EDTA interactions during the photocurrent 
experiments. It was suggested that EDTA could potentially remove the metal ions from 
the multilayered films. This situation is unlikely because if EDTA would remove the 
metal layers then the photocurrent should not be stable as a consequence of gradual 
destruction of the film. It is possible that EDTA penetrates the upper layers of the film 
and complexes “free” metal ions. This situation is possible if we consider the presence of 
uncomplexed or partially complexed metal ions on the surface.  The presence of these 
complexes could enhance photocurrent generation by facilitating electron transfer in a 
better way as proposed for photocurrent generation in the presence of methyl viologen. 
This would lead to two competing mechanisms, first the anodic photocurrent mechanism 
expected from EDTA in which the ground state of pyrene is generated by electron 
donation from EDTA in solution*. The second mechanism is generation of the ground 
state of pyrene by electron injection from the gold surface, the rate of this process is 
enhanced by the presence of the metal layer. At low potentials, the latter process is 
supported since the main photocurrent generated in the presence of EDTA is cathodic. 
The photocurrent cycle is completed considering that oxygen or the electrolyte support 
(sodium sulfate) can act as electron carriers through the solution†.   
 
In order to further investigate the nature (anodic or cathodic) of the photocurrent,  
experiments were carried out using solutions containing both electron acceptor (MV) and 
sacrificial electron donors (EDTA or TEA). Similar experiments have been done 
previously by other groups170, 171 leading to remarkably good results, in which the 
photocurrent generated by the SAMs is cathodic at applied potentials where the process 
with MV is predominant, and anodic at applied potentials that favor the electron flow 
mechanism from the electron donor towards the surface. Photocurrent measurements with  
                                                 
* Electron donation from EDTA to the chromophore on the surface is also a concentration-dependance 
effect 
† Experiments in the absence of electron donor or acceptors (only Na2SO4) also show that generation of 
cathodic photocurrent is the favored process in these films (the intensity of this photocurrent is less than 10 
nA/cm²) 
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Figure III.43: Photocurrent generated following exposure of Film IV (M = Cu(II)) with 
~1 mW at 350 nm at constant applied voltage = -0.2 V vs SCE in a solution containing 20 
mM EDTA 
 
-40
-20
0
20
40
60
80
100
120
-0.4 -0.2 0 0.2 0.4 0.6
Volts vs. SCE
P
ho
to
cu
rr
en
t/(
nA
/c
m
²)
Cu(II) Fe(III) Co(II)
 
Figure III.44: Photocurrent intensity of Film I with different metals, with ~0.1 mW at 
350 nm at different applied voltages in a solution containing EDTA. 
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Film I showed that the main mechanism is cathodic. Only cathodic photocurrent was 
measured with solutions of MV/TEA, MV/EDTA and EDTA/TEA, and the intensity of 
the photocurrent was lower than for experiments with solutions containing only one 
electrolyte. In these experiments, as well as results published by other researchers, is not 
taken into account the possibility of charge transfer complexation between methyl 
viologen and EDTA or TEA. It is known192, 193 that methyl viologen forms charge-
transfer complexes with both electron donors and that these complexes show absorption 
from 320 nm into the visible part of the spectrum and thus could affect the mechanism 
and intensity of photocurrent. 
 
 
Film I Film II Applied 
potential (V) Cu(II) Co(II) Fe(III) Cu(II) Co(II) Fe(III) 
-0.3 78 100 52    
-0.2 63 100 48 34 3.5 10 
-0.1 42 75 18 13 1.8 12 
0 30 50 20 7 0.5 8 
+0.1 10 10 -2 4 0.5 -2 
+0.2 10 19 -4 -2 -2 -6 
+0.3 1 4 -4 -4 -3 -6 
+0.4 -9 -7 -10 -12 -3 -18 
+0.5 -10 -15 -29 -13 -5 -13 
Film I: SAM-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Film II: SAM-M-BiPy-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Film III Film IV Applied 
potential (V) Cu(II) Co(II) Fe(III) Cu(II) Co(II) Fe(III) 
-0.3 10   190   
-0.2 70 10 23 190 5 16 
-0.1 60 15 30 123 9 24 
0 42 9 6 75 2 6 
+0.1 31 5 -4 68 1 -7 
+0.2 12 1 -10 26 0 -20 
+0.3 -3 -3 -14 -9 -1 -30 
+0.4 -13 -5 -18 -22 -3 -45 
+0.5 -10 -6 -20 -26 -4 -48 
Units are ± 1 nA/cm² 
Film III: SAM-M-Pyrene-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
Film IV: SAM-M-Pyrene-M-Pyrene-M-Pyrene (SAM: Dicarboxypyridine decanethiol) 
 
Table III.11: Photocurrent results with EDTA 
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c. Optimization of photocurrent generation in multilayered films 
 
(i) Effect of the film thickness 
 
The photocurrent described above for the multilayered films is stable for extended 
periods of time (up to 30 minutes) and is reproducible (intensity generally has less than 
20% deviation). It is assumed that photocurrent magnitude and stability are dependent on 
the formation of a well-ordered multilayer as well as on the length of the spacer between 
the gold surface and the first metal layer. It is also likely that multiple layers of metal ions 
produce a greater electrostatic attraction in the films. From Table III.9, it is apparent that 
incorporation of a bypyridine ligand in the multilayer increases the magnitude of the 
cathodic photocurrent (Film II produced a current ~50% larger than film I at 0 V). This 
effect is potentially due to the larger separation between the pyrene chromophore and the 
gold surface and as a consequence the lower quenching of the excited state of the 
chromophores by the gold surface. It is also likely that the multiple metal layers also 
enhance the current. Table III.9 also shows that incorporation of more than one pyrene 
group in the multilayer (i.e., films III and IV) increases the intensity of both the cathodic 
photocurrent in the presence of methyl viologen and anodic photocurrent in the presence 
of TEA. The increase in the intensity of photocurrent in these films is greater than for 
film II and, as suggested above, is likely due to the larger number of pyrene 
chromophores incorporated into the film and therefore greater light absorption. Again, 
multiple layers of metal ions also likely play a role in this enhanced current.  
 
To investigate the effect of the separation between the chromophore layers and the 
surface, films were prepared with alkyl spacers of 3 and 16 methylene units. We prepared 
films similar to I and II using a propanethiol (C3) linker between the gold and the 2,6-
dicarboxypyridine headgroup. It was found, however, that the photocurrent produced was 
generally of lower magnitude and was also less reproducible than for the C10 linker used 
in the other films. We attribute this effect to both the known ability of gold to quench 
excited states of chromophores as well as to a lack of order in the films caused by the 
short alkyl chains. 103, 104, 174 
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A longer alkanethiol (C16) was also synthesized. The effect of a longer alkyl chain is to 
provide a highly ordered SAM since it is known that hydrophobic interactions between 
adjacent long alkyl chains stabilize alkanethiol SAMs and increase order. A larger 
separation between the surface and the pyrene is also expected to decrease back electron 
transfer and quenching of photocurrent by the gold surface, however it also decreases the 
rate of electron transfer involved in the generation of either anodic or cathodic current. 
Films similar to Film I in Figure III.32 were prepared with chelidamic-C16 and the 
magnitude of the photocurrent generated in the presence of either MV or TEA was lower 
than the photocurrent measured with decanethiol chains. It is thus proved that a C10 space 
linker provides better separation from the gold surface for optimization of photocurrent 
intensity. Other groups have shown a relationship between electronic coupling of the 
electrode-donor (or acceptor) linked system and the number of spacer (methylene units) 
lengths and found that photocurrent generation is optimized with alkyl spacers containing 
8 to 12 carbon atoms174, 175.  
 
(ii) Effect of the ligand 
 
As mentioned above, the choice of dicarboxypyridine ligands as the complexing unit was 
based on previous research23 about formation of stable transition metal complexes with 
dicarboxypyridine. The structures shown in Figure III.32 are idealized models on how the 
complex would look on the surface following sequential deposition of metal ions and 
organic molecules bearing the required ligands. The experimental results show that it was 
not possible to build films with transition metals such as Zn(II) and Ni(II) that are known 
to form stable complexes with dicarboxypyridine in solution. It was hypothesized before 
that the orientation of the underlying SAM on the surface subtly affects the angle 
required for formation of complexes with the ligand and thus only metals that are not 
geometrically restricted to the surface orientation are able to assemble on the surface. 
 
To further understand the effect of the dicarboxypyridine ligands on the structure of the 
film and the photocurrent generation, other organic compounds were used as headgroups 
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for the complexation of metal ions. Compounds such as mercaptoundecanoic acid and 
decanedithiol were used as the underlying layer. Both ω-alkanoic acids and 
alkanedithiols are known to form well-ordered SAMs and also to interact with Cu(II) to 
form multilayered films33, 125 Attempts to cap the Cu-SAM films with dicarboxypyridine-
pyrene ligands show that the coverage is not complete and thus the photocurrent is lower 
than films built with the metal layer encapsulated between two dicarboxypyridine 
ligands.  
 
In order to possibly create stronger complexes on the surface other compounds were 
synthesized to give other modified decanethiol and hexadecanethiol molecules. The 
selection of the ligands was restricted to relatively small molecules as incorporation of 
extremely bulky headgroups could result in formation of less-ordered monolayers. The 
chromophore capping layers were also designed to contain the same ligand used in the 
formation of the monolayer. Figure III.45 shows multilayers with three different ligands. 
The first two ligands, 5-hydroxyisophthalic acid and 4-hydroxypyridine, were chosen 
because of its similar structure to dicarboxypyridine. This could potentially assure us of 
the formation of good monolayers and the possibility of complexing the same metals, 
although the complexation was not expected to be similar (same stability and formation 
constant) because of the change from a strong tridentate ligand to a bidentate and 
monodentate ligands. Imidazole was chosen based on the fact that it strongly binds 
different metals194. Films with 5-hydroxyisophthalic acid similar to SAMs I, III and IV in 
Figure III.32 were prepared. In the case of 4-hydroxypyridine and imidazole only films 
with similar structure to Film I (Figure III.32) were prepared.  
 
These films were characterized in the same way as the films with dicarboxypyridine as 
the ligand and the results are similar with all four ligands, proving the formation of well-
packed multilayered films. The characterization results for these new films by contact 
angle, ellipsometry, and impedance spectroscopy are available in Section III.3.6. 
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Figure III.45: Structure of Film I with other ligands 
 
The different ligands showed slightly different selectivity towards metal ions. 
Dicarboxybenzene (isophthalic acid) shows almost the same selectivity as 
dicarboxypyridine, which was expected given its almost identical structure. It was 
possible to prepare multilayered films of dicarboxybenzene with Cu(II), Fe(III), Ru(III) 
and Ag(I) ions, with slightly less reproducible results in the complexation of ions like 
Co(II), Pb(II), and Pb(IV). SAMs with pyridine easily form multilayers with Fe(III) and 
Ru(III). The most remarkable result with this pyridine ligands is that multilayers with 
Cu(II) are not well-formed as demonstrated by poorly reproducible contact angle and 
conductive CVs for multilayers with metal exposed on the surface. Imidazole was used to 
produce multilayers with Fe(III), Cu(II), Ru(III) and Hg(II) (a previous study show the 
use of imidazole containing SAMs, as 2-mercaptobenziimidazole for the detection of 
Hg(II)195). 
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The intensity of photocurrent generation is similar for multilayers with different 
complexes. The main photocurrent is cathodic in the presence of methyl viologen or 
EDTA, and anodic with TEA. Table III.12 shows the photocurrent results obtained for 
multilayers with isophthalic acid in the presence of different electrolytes. Figures III.46 
and III.47 show photocurrent results in the presence of MV and TEA for films with a 
single layer of pyrene and with all four different ligands. 
 
 
 
Figure III.46: Photocurrent intensity of Film I with different ligands, with ~0.1 mW at 
350 nm at different applied voltages in a solution containing methyl viologen. M = Cu(II) 
for chelidamic and isophthalic acid ligands, M= Fe(III) for pyridine and imidazole 
ligands. 
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Film I Film II Film III Applied 
potential 
(volts) 
MV EDTA TEA MV EDTA TEA MV EDTA TEA 
-0.2 5 17 0 30 21 4 43 17 9 
-0.1 -1 33 0 25 17 2 39 16 5 
0 -2 11 -1 21 8 2 37 8 7 
+0.1 -2 12 -1 7 2 -10 22 1 -3 
+0.2 -3 -2 -2 -2 -2 -18 13 -- -8 
+0.3 -4 -2 -3 -5 -4 -20 6 -3 -12 
+0.4 -4 -3 -2 -6 -7 -31 4 -4 -18 
+0.5 -3  -4  -7  1 -6 -20 
Units are ± 1 nA/cm² 
Film I: SAM-Cu-Pyrene     Film II: SAM-Cu-Pyrene-Cu-Pyrene 
 Film III: SAM-Cu-Pyrene-Cu-Pyrene-Cu-Pyrene 
 
Table III.12: Photocurrent results for films with 5-hydroxy isophthalic acid ligands 
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Figure III.47: Photocurrent intensity of Film I with different ligands, with ~0.1 mW at 
350 nm at different applied voltages in a solution containing TEA. M = Cu(II) for 
chelidamic and isophthalic acid ligands, M= Fe(III) for pyridine and imidazole ligands. 
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Although the multilayers shown in Figure III.45 did not enhance the generation of 
photocurrent, the results show that there is an effect of the ligand in the affinity towards 
complex formation with different metals. This is also supported by experiments in which 
multilayers were prepared by using different ligands in the same multilayered structure. 
In general the results show that films composed of metal layers encapsulated between 
two different ligands (i.e. chelidamic acid and pyridine) do not have the same order as 
films of multilayers built with the same ligand. The best mixed films were obtained with 
chelidamic acid and isophthalic acid. In most cases these films do not show reproducible 
contact angle results and the CV after capping the film with the pyrene-containing ligand 
does not show the same decrease in conductivity, which is probably due to low surface 
coverage (also supported by lower photocurrent generation) and the presence of more 
defects in the structure of the films. 
 
 
(iii) Effect of the chromophore 
 
A more significant step towards the preparation of multilayers that would generate higher 
photocurrent intensity is to change the light absorber on the surface. Pyrene is a strong 
light absorber and thus it was a good selection as a chromophore for our first 
multilayered films. The main disadvantage of using pyrene is that absorbs light only in 
the ultraviolet region of the spectrum. In order to build an efficient and useful 
photovoltaic cell based on SAM techniques, it is desirable to prepare a monolayer or 
multilayer capable of absorbing light of lower energy, in the visible part of the spectrum. 
Porphyrins have a strong absorption band at approximately 420 nm (Soret band, ε ~0.5-
1x105 M-1cm-1) and for this reason have been extensively used in the preparation of 
photocurrent-generating films either by LB or SAMs techniques104, 160, 173. 
 
We chose to use porphyrins in our films, and to assemble them by the same non-covalent 
approach used with pyrene. Figure III.48 shows the structure of the two porphyrins 
employed in this study. Porphyrin 1 has a similar structure as a compound used by 
Thompson160 and his co-workers, who assembled multilayers of zirconium 
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bisphosphonate multilayers of viologen on top of copper dithiolate multilayers of 
porphyrin. Porphyrin 1 was used as a model to try reproducing the results reported by 
Thompson. The structure of porphyrin 1 allows the fabrication of two set of multilayers 
as shown in Figure III.49. Multilayers with porphyrin 1 as the first layer are similar to the 
mutilayered films built by Thompson. Films with up to six layers of porphyrin (with 
reproducible ellipsometric measurements) were prepared. The photocurrent with these 
films is mainly anodic, with current intensity between 50-300 nA/cm² in the presence of 
TEA. The lack of cathodic photocurrent generation led to the conclusion that the viologen 
molecules incorporated into Thompson’s films are necessary to enhance the photocascade 
process that results in the generation of high, stable cathodic current. The second set of 
multilayers includes the preparation of a monolayer of dicarboxy pyridine-decanethiol 
and several layers of porphyrin on top that were deposited by formation of S-Cu bonds. 
The results showed deposition of several porphyrin layers, although the order of these 
films is questionable since surface characterization did not show highly reproducible 
results after deposition of the second layer of porphyrin. In addition generation of 
photocurrent is significant only for films with the first two layers of porphyrins. We 
speculate that these multilayered films are not well-formed because the mismatch of the 
linking groups. The photocurrent generated with these films was mainly anodic and 
shows higher intensity values with TEA rather than with EDTA. 
 
In order to build more stable and robust films Porphyrin 2 was synthesized. The initial 
approach was to prepare both the 10-monosubstituted and 10-20 disubstituted porphyrins 
but synthetic difficulties did not allow us from successfully synthesizing the disubstituted 
compound. Multilayers with this porphyrin are similar to Film I in Figure III.32 and were 
constructed using Cu(II) and Fe(III), with more ordered films obtained with Cu(II). Both 
cathodic and anodic photocurrent was measured for these films. Table III.13 shows the 
photocurrent results for the multilayers with Cu(II), and Figure III.50 gives an example of 
photocurrent generated in the presence of TEA at an applied potential of +0.4 V vs SCE. 
Two important results were observed from the photocurrent results with this porphyrin. 
First, a significant increase in photocurrent generation compared to similar films with 
pyrene. Second, the fact that the highest cathodic photocurrent values are generated in the 
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presence of methyl viologen and anodic photocurrent is the predominant process in the 
presence of TEA and EDTA. Cathodic photocurrent was measured with EDTA at applied 
potentials equal or lower than zero volts, however these photocurrent values are low 
compared to the current measured with methyl viologen. The difference in EDTA results 
between multilayers of porphyrin and pyrene shows that the photocurrent generated for 
multilayered films with pyrene is probably affected by EDTA-metal or EDTA-pyrene 
interactions that take place as a result of poor blocking of the film towards EDTA in 
solution. 
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Figure III.48: Structure of porphyrins 
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Figure III.49: Multilayers with porphyrins 
 
Film I Film II Applied 
potential (V) MV TEA EDTA TEA (1 
porphyrin) 
TEA (2 
porphyrins) 
-0.2 122 -25 26   
-0.1 118 -46 20 -78 -18 
0 75 -100 10 -116 -140 
+0.1 62 -154 -15 -130 -145 
+0.2 18 -170 -29 -120 -170 
+0.3 10 -170 -40 -150 -150 
+0.4 -3 -273 -100 -200 -210 
+0.5  -326 -120 -220 -225 
Film I: SAM-Cu-Porphyrin 2 
Film II: SAM-Cu-Porphyrin 1 
Units are ± 1 nA/cm² 
 
Table III.13: Photocurrent results from multilayers with porphyrins 
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Figure III.50: Photocurrent generated following exposure of Film I (M = Cu(II), 
acetylenic porphyrin) at constant applied voltage = +0.4 V vs SCE in a solution 
containing 20 mM TEA 
 
(iv) Effect of incorporating electron donor/acceptors in the multilayer 
 
The efficiency of photocurrent generation depends on the rapid electron transfer between 
excited chromophores, electron donors or acceptors and the gold surface. Incorporation 
of such electron donors or acceptors should enhance the electron cascade process from or 
towards the surface. To this effect, a 4-4’dipyridil molecule was synthetically modified in 
order to incorporate two dicarboxypyridine ligands. This modified viologen molecule 
was incorporated into multilayered films as shown in Figure III.51. A film containing one 
pyrene molecule and one viologen gave an increase in photocurrent of ~150% with 
respect to the film without viologen. Attempts at preparing films with more than one 
layer of viologen or with a layer of viologen embedded in the film’s structure and pyrene 
exposed on the surface were unsuccessful. Although there is not a clear explanation as to 
why it is not possible to obtain ordered films with this molecule three possible factors 
are: (1) deposition of this molecule to deposit on the surface in a random arrangement 
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(i.e. deposition of this molecule “parallel” to the surface allowing complexation with two 
different metal atoms in the same layer), (2) poor complex formation due to the 
carboxylate protecting groups of the ligands*, and (3) steric effects due to incorporation 
of counterions (PF6-) in the multilayer. 
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Figure III.51: Multilayer with an electron acceptor (viologen) 
 
 
                                                 
* Deprotection of  the carboxylate groups results in decomposition of the molecule. 
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(v) Effect of the substrate 
 
The main disadvantage encountered by different researchers working with photocurrent-
generating SAMs on gold is the back electron transfer induced by the gold surface, which 
effectively quenches part of the photocurrent. This has been shown, by others and also 
with our results, by the fact that modified short alkanethiols (3-6 carbons) generate less 
photocurrent intensity than slightly larger molecules (C8-C12). Indium tin oxide substrates 
represent an alternative to gold surfaces. ITO substrates present the advantages of high 
conductivity (~ 2x104 ohms-1cm-1) and high optical transparency to visible and infrared 
light. These substrates also do not quench the photocurrent process by back electron 
transfer towards the surface as happens with gold. Imahori et al.49 have shown that SAMs 
of porphyrins and porphyrin-fullerene dyads have a quantum yield of photocurrent 
generation that is 280 times larger on ITO than the corresponding quantum yield for 
similar films on gold. Based on the information described in the literature several films 
on ITO were prepared. Figure III.52 shows the four multilayered films that provided the 
most reliable characterization and photocurrent results. 
 
Figure III.52: Structure of the most stable multilayers prepared on ITO substrates 
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Characterization of monolayers on ITO was accomplished by contact angle, ellipsometry 
and cyclic voltammetry. The results show the formation of relatively well-ordered, single 
monolayers of the compounds shown in Figure III.52. Deposition of subsequent layers 
was determined by changes in contact angle and the formation of conductive substrates. 
The characterization results indicate the presence of the different functional groups but 
are not conclusive regarding the formation of ordered multilayers after deposition of the 
pyrene-containing ligands. The main photocurrent generation process from these films is 
anodic, both in the presence of TEA and EDTA, and the current intensity is significantly 
higher for all these films considering the apparent poor surface coverage of the 
chromophore.  Further work is needed with these films in order to optimize surface 
coverage and photocurrent generation. It is of particular importance to attempt 
preparation of multilayered films with porphyrin since these multilayered films on gold 
show high photocurrent generation and also to avoid working in the UV region of the 
spectrum where ITO substrates are not completely transparent. 
 
(vi) Effect of incorporating an antenna group 
 
Figure III.28 shows a highly sophisticated photocurrent-generating molecule in which a 
fullerene act as a light absorber and also as an efficient electron transfer mediator in the 
photocurrent process. Fullerenes possess unique electronic and spectroscopic properties 
and C60 modified compounds have been used in photoelectrochemical cells composed of 
thin films 162, 173, 196, 197 
 
(1,2-methanofullerene C60)-61-carboxylic acid was chosen as a target molecule to 
incorporate into self-assembled multilayers as shown in Figure III.53. Characterization 
results show partial coverage of the fullerene molecule on the surface. Well-packed films 
were not expected due to the size of the molecule and the mismatch of the ligands 
employed to prepare the multilayer. However, the photocurrent results for partially 
covered multilayers provided results that indicate that the presence of fullerene in the 
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structure helps enhancing photocurrent intensity. Figure III.54 shows photocurrent results 
for film with and without a fullerene layer.  
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Figure III.53: Multilayer with fullerene 
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Figure III.54: Photocurrent generation for a SAM-Cu-pyrene film and a SAM-Cu-
Pyrene-Cu-C60 film in the presence of 20 mM methyl viologen. 
 
III.3.3 Conclusions 
 
This study demonstrates that photocurrent-generating thin films such as those shown in 
Figures III.32, III.45, III.49, III.51 and III.52 can easily be fabricated using templated 
non-covalent assembly. We have shown specifically that different ligands can be used to 
assemble these films through metal-ligand complexation with specific metal ions. The 
fact that not all metal ions lead to ordered films, indicates that the metal and the ligand 
play a specific although subtle structural role in the formation of a well-packed film.  
 
Stable cathodic photocurrent generation was observed for all films shown in Figure III.32 
and III.45, generally at applied potentials less than ~+0.2V vs SCE in the presence of 
methyl viologen as electron acceptor in solution. The mechanism for cathodic 
photocurrent generation likely involves generation of the singlet excited state of pyrene 
light absorbing group, electron capture by methyl viologen (and to a lesser extent 
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oxygen) in solution, oxidation of the methyl viologen radical cation at the counter 
electrode and electron transfer from the working electrode to the pyrene cation radical. 
The cathodic photocurrent yields are estimated to be on the order of 1-2%. Anodic 
photocurrent also is observed in the presence of methyl viologen.  In the presence of TEA 
as a dissociative electron donor, anodic photocurrent is generated at potentials generally 
greater than ~+0.2 V vs SCE. In this case the metal ion again has an effect proportional to 
its electric field with Fe(III) containing-films yielding the largest photocurrent. High 
cathodic photocurrent in the presence of EDTA was an unexpected resulted for these 
multilayered films. Although the mechanism for photocurrent generation with EDTA is 
unknown, it is possible to speculate that EDTA interaction with metal ions in the 
multilayered films with pyrene lead to enhancement of electron transfer from the Au 
surface to the chromophore. This is supported by the lack of cathodic photocurrent 
generation with EDTA from pyrene-containing films covalently assembled on gold (e.g. 
films in Figure III.32) or multilayered films with porphyrin. In the latter case the bulky 
porphyrin layer probably blocks the permeation of EDTA to the metal layers. 
 
The intensity of both cathodic and anodic photocurrent depends on the metal ion present, 
with Fe(III) generally yielding the largest anodic photocurrent and Cu(II) and Co(II) 
yielding the largest cathodic current.  This effect likely arises due to the attractive effect 
of the metal ion’s electric field, which directs electrons produced by excitation of the 
pyrene group toward the working electrode. Since Fe(III) has a more intense field than 
either Cu(II) or Co(II), the anodic current is greater and cathodic current is less. 
 
The incorporation of linking groups (e.g., film II, Figure III.32) results in higher 
photocurrent values, potentially as a result of less efficient quenching of the excited state 
of pyrene by the gold surface. This result is supported by the observation of smaller, 
unstable photocurrent generated by films containing SAM’s with a C3 linker as compared 
to C10 linkers.  Films containing multiple layers of light absorbing pyrene groups 
generated larger photocurrent as a result of more efficient light absorption by the film. 
Films containing C16 linkers show low photocurrent possibly due to the slow electron 
transfer from the gold to the chromophore.  
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The most significant enhancement of photocurrent generation in these multilayered films 
was attained by using porphyrin as light absorbers (Figure III.49). Other modifications 
(incorporation of electron acceptors in the multilayered structure and use of ITO 
substrates) to the original films shown in Figure III.32 result in an increase of 
photocurrent generation, although further work is required to optimize these films 
especially those assembled on ITO. 
 
The advantage of this method of non-covalent assembly is that ordered films with 
complex structure and function can be constructed from a range of simple molecular 
building blocks in a controlled manner with a minimum of synthetic effort. The 
photocurrent generated by these films is significantly larger than photocurrent measured 
by monolayers (Figure III.30) that were all constructed based on covalent assembly 
techniques. 
 
III.3.4 Future Work 
 
The main problem encountered with most of the films is to attain ordered multilayers.  
Based on our results it seems that using matching ligands and metal ions helps the 
formation of stable and ordered layers. To that end, it would be convenient to prepare 
multilayers contained C60 –chelidamic acid units. Based on the results shown in this 
Chapter, we propose the preparation of multilayers as shown in Figure III.55. The 
assembly of such film depends on the successful synthesis of the individual components 
of the film. Preliminary work has been done on the synthesis of the porphyrin and 
fullerene molecules, and although results were not successful previous work reported on 
the synthesis of compounds with similar structure suggests that preparation of the 
molecules shown in Figure III.55 is possible198-200.  
 
Another improvement towards the preparation of better photocurrent systems is the 
formation of multilayers on gold nanoparticles. Gold nanoparticles were proposed as new 
scaffold materials on previous chapters. The previously proposed structure consisted of 
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functionalized gold nanoparticles assembled on a multilayer on a gold surface. The gold 
nanoparticle structures proposed for photocurrent generating experiments consist of 
clusters of gold nanoparticles functionalized with multilayers containing chromophore 
groups. Gold nanoparticles have been used for fabrication of photocurrent generating 
systems consisting of self-organized porphyrin and fullerene units by clusterization with 
gold nanoparticles on tin oxide electrodes51, 201. These gold nanoparticle structures 
generate photocurrent with an incident photon-to photocurrent efficiency as high as 54% 
and a broad photocurrent action spectra of up to 1000 nm.  
 
More work is needed in the fabrication of photocurrent-devices on ITO. Our preliminary 
work shows a small improvement in photocurrent generation, but the systems presented 
in this chapter seemed to lack the same order as similar multilayers on gold. We propose 
the fabrication of potentially more stable multilayers on ITO by studying in more detail 
films with a monolayer of amino-propyltriethoxysilane.  
A limitation in the characterization of our photocurrent generating films is the lack of 
action spectra results. It is known that the photocurrent measured from our films is due to 
the chromophores adsorbed on the surface because several control experiments were used 
to prove that deposition of pyrene or porphyrin layers is required to attain the measured 
photocurrents. However, it would be advantageous to obtain the action spectra of 
different films to prove that the intensity of the photocurrent correlates with the 
absorption spectra of the chromophores. This could be a significant characterization 
technique for multilayered films containing different light absorbers like those films 
shown in Figures III.55.  
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Figure III.55: Proposed structure of more sophisticated photocurrent generating films 
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III.3.5 Experimental Section 
 
a. Preparation and characterization of films. 
 
The general methods for the preparation of monolayers and multilayers on different 
substrates, and characterization by different techniques were described in Chapter II. 
Table III.14 shows the specific experimental conditions used for preparation of different 
films presented in this chapter.  
 
b. Photocurrent generation experiments 
Photocurrent experiments were carried out within the electrochemical cell previously 
described for cyclic voltammetry studies. Here, the electrolyte solutions used were 
aqueous solutions of either 20 mM methyl viologen (MV), 20 mM EDTA or 20 mM 
triethanolamine (TEA) with 0.1 M sodium sulfate or potassium chloride as a supporting 
electrolyte. The samples with pyrene were irradiated with a 350 nm Rayonet lamp located 
20 cm away from the sample. The samples with porphyrin were irradiated with an Oriel 
150 W Xenon-arc lamp located also 20 cm away from the sample. In both cases, the 
irradiation was through a small slit in the Faraday cage. The cage itself was completely 
covered in order to minimize ambient light. The UV lamp was kept on continuously and a 
mechanical shutter was used to block exposure of the sample to the light. The sample was 
typically irradiated at intervals of 20-40 seconds. Experiments were obtained at different 
fixed applied potentials, from –0.3 to +0.5 V vs SCE. The incident energy on the sample 
was estimated considering the distance between the lamp and the sample and calculated 
as (Aabs/Alamp)Il, where Aabs is the area of the chromophore absorption spectrum that 
matches the emission spectrum of the lamp, Alamp is the total area lamp profile, and Il is 
the estimated incident light on the sample (8 mW for a 20 mW, 350 nm Rayonet lamp 
located 20 cm away from a 1 cm2 sample). The incident energy is in the order of 1 mW. 
This estimated value was corroborated by measurements with a power/energy meter. 
Photocurrent efficiencies were calculated as the ratio between number of electrons 
produced (Imeasured) per number of photons incident on the sample (Iincident) 
% efficiency = (Imeasured/Iincident)100  (16) 
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Compound Solvent Sample 
concentration 
(mM) 
Deposition 
time 
(hours) 
Monolayers on gold 
 
Chelidamic-decanethiol 
Chelidamic-propanethiol 
Chelidamic-hexadecanethiol 
Isophthalic-decanethiol 
Isophthalic-hexadecanethiol 
Pyridine-decanethiol 
Pyridine-hexadecanethiol 
Imidazole-decanethiol 
Pyrene-decanethiol 
Peptide 1 
Peptide 2 
5,15-dithiophenyl-porphyrin 
 
 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Methanol 
 
THF 
 
 
1-3 mM 
1-3 mM 
1-3 mM 
1-3 mM 
1-3 mM 
5 mM 
5 mM 
5 mM 
3 mM 
1 mM 
 
1 mM 
 
 
12 
24 
12 
12 
12 
24 
24 
24 
24 
12 
 
24 
Multilayer components (films on gold) 
 
Pyrene-chelidamic 
Chelidamic-pyrene-chelidamic 
Pyrene-Isophthalic 
 
Isophthalic-pyrene-isophthalic 
Pyrene-Pyridine 
Pyrene-Imidazole 
 
4,4’-bipyridil 
4,4’-tetracarboxypyridine 
Viologen-C2-chelidamic 
5,15-dithiophenyl-porphyrin 
10-chelidamic-5,15-diphenylporphyrin 
 
 
Ethanol 
DMSO/EtOH
DMSO/EtOH 
(1:5) 
Ethanol 
Ethanol 
Ethanol 
 
Ethanol 
Ethanol 
Acetonitrile 
THF 
THF 
 
 
1 mM 
1 mM 
1 mM 
 
1 mM 
1 mM 
1 mM 
 
2 mM 
2 mM 
1 mM 
1 mM 
1 mM 
 
 
48  
48 
48 
 
48 
24 
24 
 
24 
24 
36 
24 
24 
Monolayers on ITO 
 
1,4-benzenedithiol or 1,10-decanedithiol 
or MUA 
 
 
3-aminopropyltriethoxysilane 
Pyridine-propyltriethoxysilane 
Isophthalic-decanetriethoxysilane 
 
 
 
Hexane or 
CH2Cl2 
(under Ar) 
 
EtOH  
EtOH 
CCl4 
 
 
5 mM 
 
 
 
3% 
5% 
1.5% 
 
 
48 
 
 
 
8 
8 
24 
Table III.14: Experimental conditions for preparation of monolayers and multilayers 
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c. Syntheses 
 
The experimental procedure for the preparation of several compounds discussed in this 
chapter was presented in Chapters III-1 and III-2.  
 
Preparation of Fmoc-3-(N’-ethyl-3-carbazolyl)-d,l-alanine 
 
(i) 2-phenyl-4-(N-ethyl-3-carbazolyl)-4-acyloxazolone  
N
N
OO
 
Preparation followed modified literature procedures202, 203.  A sample of 0.33 g (4.0 
mmol) of sodium acetate was mixed with acetic anhydride. To the previous mixture, a 
sample of 0.22 g (1.0 mmol) of N-ethyl-3-carboxyaldehyde was added, followed by a 
sample of 0.21 g (1.2 mmol) of hippuric acid. The solution was stirred at room 
temperature for 8 hours.  The solution was filtered to remove the undissolved sodium 
acetate, and washed with dichloromethane. The solvent was removed under reduced 
pressure and the residue was dissolved in dichloromethane. After evaporation of 
dichloromethane a red oily residue remains. The product was precipitated by addition of 
cold ethanol. Yield: 90%. M.p: 209-210 °C. 1H-NMR (400 MHz, CDCl3): δ 1.48 (t, 3H, 
CH3); 4.41 (q, 2H, CH2), 7.33-8.96 (m, 13 H, 12 Ar-H, CH). 13C-NMR (100 MHz, 
CDCl3): δ 14.9 (CH3), 37.9 (CH2), 109.0, 120.1, 120.8, 123.1, 123.7, 124.9, 126.0, 126.1, 
126.5, 128.9, 130.3, 130.7, 132.8, 133.9, 140.5, 141.8 (CH and aromatic C), 161.9, 168.3 
(C=O). 
 
(ii) Ethyl N-benzoyl-3-(N-ethyl-3-carbazolyl)-acrylate  
N
NH
O
O
O
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Preparation followed a modified literature procedure203. A sample of 0.3 g (0.82 mmol) 
of 2-phenyl-4-(N-ethyl-3-carbazolyl)-4-acyloxazolone and 0.17 (2.4 mmol) of sodium 
ethoxide was dissolved in THF. The solution was refluxed for 4 hours, a yellow 
precipitate started to form after 2 hours under reflux. Water was added (about half the 
volume of THF) until the precipitate was dissolved. The pH was adjusted to 2 by addition 
of hydrochloric acid 4 M. The solution was stirred at room temperature for 2 hours. After 
evaporation of THF, a compound started to precipitate in the aqueous phase. The 
compound was filtered and washed with cold ethanol and dried under vacuum. A green 
powder was obtained, which was recrystallized in hexane-ethyl acetate (1:1). Yield: 95%. 
m. p.: 236-238 °C. 1H-NMR (400 MHz, acetone-d6):  δ 1.09 (t, 3H, CH3 from OEt); 1.38 
(t, 3H, CH3 from Ecz), 3.56 (q, 2H, CH2 from OEt); 4.47 (q, 2H, CH2 from ECz), 7.19-
9.12 (m, 14 H; 12 Ar-H + CH + NH). 13C-NMR (100 MHz, acetone-d6): δ 14.5, 14.9 
(CH3), 38.6 (N-CH2), 50.1 (O-CH2), 110.2, 110.5, 120.7, 121.4, 124.1, 125.0, 126.2, 
127.5, 128.9, 129.3, 129.8, 132.9, 135.9, 136.8, 141.7, 141.8 (CH and aromatic C); 167.6 
(C=O). ES-MS:  (M + H)+ at m/z 413.4  (calculated at 413.5) 
 
(iii) N-benzoyl-3-(N-ethyl-3-carbazolyl)-d,l-alanine ethyl ester  
N
NH
O
O
O
 
Preparation followed a modified literature procedure203. A sample of 0.30 g (0.73 mmol) 
of ethyl N-benzoyl-3-(N-ethyl-3-carbazolyl)acrylate was dissolved in methanol. 10% 
palladium on charcoal was added and the mixture was immediately hydrogenated for 48 
hours (follow the reaction by TLC using ethyl acetate as mobile phase). The solution was 
filtered to remove palladium and the solid was washed with methanol and 
dichloromethane.   The solvent was evaporated under reduced pressure and the remaining 
residue was purified by column chromatography (hexane-ethyl acetate 1:1).  Yield: 80%.  
m.p.: 198-200 °C. 1H-NMR (400 MHz, CDCl3): δ 1.10 (t, 3H, O-CH2CH3) 1.41 (t, 3H, 
N-CH2CH3), 3.53 (q, 2H, O-CH2CH3); 4.34 (q, 2H, N-CH2CH3), 5.13 (m, 1H, CH), 6.63 
(d, 2H, CH2) 7.26-7.92 (m, 13 H, 12 Ar-H, NH). 13C-NMR (100 MHz, CDCl3): δ 13.8, 
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37.3, 37.6, 54.2, 108.5, 108.8, 120.4, 121.2, 122.5, 123.2, 125.5, 125.8, 126.8, 127.1, 
128.7, 132.0, 133.5, 139.2, 140.2, 167.8, 175.0. 
 
(iv) N-benzoyl-3-(N-ethyl-3-carbazolyl)-d,l-alanine  
N
NH
O
O
OH
 
Preparation followed a modified published procedure203. A sample of 0.21 g (0.5 mmol) 
of N-benzoyl-3-(N-ethyl-3-carbazolyl)-d,l-alanine ethyl ester was dissolved in a mixture 
of ethanol-water (4:1). Sodium hydroxide (0.12 g, 3 mmol) was added and the solution 
was heated to reflux for 15 hours. The pH was adjusted to 2 with 6 M HCl and the 
solution refluxed for further 6 hours. The solvent was removed under reduced pressure to 
~1/3 of its initial volume and the remaining solution was extracted with dichloromethane. 
The organic phase was dried over anhydrous sodium sulfate, the solvent was removed 
and a green powder was obtained.   Yield:  85%.  m.p.: 140-142°C. 1H-NMR (400 MHz, 
CDCl3): δ 1.41 (t, 3H, CH3), 4.34 (q, 2H, CH2), 5.13 (m, 1H), 6.63 (d, 2 H, CH2); 7.26-
7.92 (m, 13 H, Ar-H and NH). 
 
(v) N-ethylcarbazolyl-d,l-alanine  
N
NH2
O
OH
 
Preparation followed a modified published procedure203. A sample of 0.15 g (0.39 mmol) 
of N-benzoyl-3-(N-ethyl-3-carbazolyl)-d,l-alanine was dissolved in sufficient hydrazine 
hydrate and the solution was refluxed for 18 h. A precipitate was formed during the 
course of the reaction (benzyl amide). The solution was filtered and hydrazine was 
removed. Hexane was added to the remaining oily residue to precipitate the compound. A 
white-brown powder was filtered and dried under vacuum. Yield: 70%. ES-MS: (M+Na)+ 
at m/z 305.2 (calculated at 305.13) 
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(vi) Fluorenyl-methoxycarbonyl N-ethylcarbazolyl-d,l-alanine (Fmoc-Ecz-Ala-OH 
(d,l))  
O
O
N
H
N
O
HO
 
Preparation followed a modified published procedure204, 205. A sample of 0.1 g (0.35 
mmol) of N-ethylcarbazolyl-d,l-alanine was dissolved in 100 mL of dimethylformamide. 
30 mL of 10% aqueous sodium carbonate was added. The pH of the solution was 
adjusted to 10 by addition of sodium bicarbonate. The solution was cooled to 0 °C and a 
solution of 0.14 g (0.42 mmol) of succinimidyl 9-fluorenylmethyl carbonate (Fmoc-OSu) 
in 50 mL of DMF was added. The resulting reaction mixture was stirred at 0°C for 30 
minutes and then at room temperature for 24 hours. The reaction was monitored by TLC 
with hexane-ethyl acetate (1:1) and chloroform-methanol-acetic acid (9:1:0.5). The pH of 
the solution was adjusted to 3 by addition of concentrated hydrochloric acid. The solvent 
was removed under reduced pressure and the remaining oil was dissolved in a mixture of 
ethyl acetate-water (7:3). The resulting mixture was filtered and transferred to a 
separatory funnel. The organic phase was washed with brine, water and finally dried over 
sodium sulfate. The remaining oily residue obtained after evaporation of ethyl acetate 
was purified with column chromatography using dichloromethane-methanol (9:1) as the 
mobile phase. The product was further purified by recrystallization from 
chloroform/hexane. Yield: 30%. 1H-NMR (400 MHz, DMSO-d6): δ 1.28 (t, 3H, CH3); 
2.98, 3.74 (m, 2H, CH2); 4.0 (m, 3H, CH, CH2); 4.30 (m, 1H, CH); 4.59 (m, 2H, CH2); 
6.3 (d, 1H, NH); 7.32-8.34 (m, 15H, Ar-H). 13C-NMR (100 MHz, DMSO-d6): δ 21.1 
(CH3), 25.3 (CH2 Ala), 30.8 (CH2 ECz), 35.8 (CH2 Fmoc), 50.1 (CH Ala), 63.8 (CH 
Fmoc), 109.8, 119.9-145.2 (aromatic CH), 163.2 (C=O), 172.1 (COOH).  
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Preparation of FmocECzAla-(Aib-Ala)6-lipoamide 
 
(i) Peptide (Aib-Ala)6   
H2N
O
H
N
OH
O
6  
Solid phase peptide synthesis using fluorenylmethylcarbonyl (Fmoc) protected amino 
acids  was carried out following standard procedures 206-208. A sample of 2.0 g (0.41 
mmol/g loading) of FmocAla-Wang resin was placed in a flask and swelled with 30 mL 
DMF by bubbling nitrogen. DMF was decanted out and 20 mL of a 20% piperidine in 
DMF solution was added to cleave the Fmoc protecting group, nitrogen was bubbled 
through for 15 minutes. The cleavage procedure was repeated and then the resin was 
washed sequentially 3 times with DMF, 3 times with CH2Cl2 and 3 times with methanol. 
A small amount of resin was placed in a vial and a Kaiser test for free amine groups was 
performed.  A Kaiser test consists of adding 2 drops of a solution of 5 g of ninhydrin in 
100 mL of ethanol, 2 drops of a solution of 80 g liquefied phenol in 20 mL of ethanol, 
and 2 drops of a solution of 2 mL of 0.001 M aqueous potassium cyanide in 98 mL of 
pyridine. The solutions are mixed well with the resin and heated to 120 °C for 5 minutes. 
A positive test (free amino groups) is indicated by blue resin beads. If the result was 
negative (there is still Fmoc group on the resin), the deprotection step was repeated, 
otherwise the next amino acid was added.  For the coupling of each amino acid the resin 
was swelled with DMF for 10 minutes.  DMF was drained and a solution containing 2.5 
eq of the amino acid in the peptide sequence, 2.5 eq HOBt, 2.5 eq PyBop and 5 eq. 
DIPEA was added.   The mixture was bubbled with nitrogen for 2 hours (for FmocAla-
OH coupling) and 4-6 hours (for Fmoc-Aib-OH).   The solution was drained out of the 
reaction flask and the coupling reaction was repeated.  Then the resin was washed 
sequentially with DMF, CH2Cl2 and MeOH.  A Kaiser test was made to verify the 
absence of free amino groups.  If the Kaiser test still showed free amino groups a third 
coupling solution was added.  Otherwise the resin was treated with 20% piperidine in 
DMF to cleave the Fmoc group. The deprotection and coupling steps were sequentially 
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repeated until the peptide sequence was completed. After deprotection of the last 
aminoacid in the peptide, the resin was washed 3 times with DMF, CH2Cl2, ethanol and 
methanol.  The resin was dried under vacuum for 3 hours.  Then, a solution of 95% TFA, 
2.5% water and 2.5% triisopropylsilane (TIS) was used to cleave the peptide.    The resin 
was removed by filtration. The solvent was removed by rotary evaporation.  Ether was 
added to the remaining residue and stored at 0 °C until precipitation of the peptide was 
obtained. The final product was filtered and dried under vacuum.  Yield: 79%. Rf (I2, 
CHCl3/MeOH/AcOH 90:10:3) = 0.56. 1H-NMR (400 MHz, CDCl3): δ 1.23 (d, 18 H, CH3 
Ala);  1.76 (s, 36H, CH3 Aib);  3.50 (m, 6H, CH Ala);  7.47-8.87 (m, NH). ES-MS: 
(M+H)+ at m/z 955.8 (calculated at 955.57) 
 
(ii) 1,2-dithia-3-(1-amino-n-pentyl)cyclopentane (lipoamine)  
H2N S
S
 
Preparation followed a literature procedure132. A sample of DL-α-lipoamide (1.0 g, 4.9 
mmol) was dissolved in 100 mL THF.  The solution was added to a dispersion of 0.826 g 
(21.8 mmol) of LiAlH4 in 50 mL THF.   The mixture was refluxed for 15 hours.  The 
mixture was cooled to 0°C and 10 mL of distilled water were added and the solution was 
stirred for 30 minutes.  The solvent was removed and methanol was added to the residue.  
The solution was filtered and the solvent was evaporated.  To the residue from the 
methanol phase, 100 mL of water was added and the pH was adjusted to 6.5 with 1 N 
HCl.  The solution was stirred at room temperature for 1 day.  The final product was 
extracted with n-butanol.  The organic extractions were washed twice with 1 N NaOH 
and 1 N HCl.   The solvent was removed to afford a yellow powder. Yield: 25%. Rf  = 
0.18-0.20 dichloromethane:methanol:acetic acid (90:10:3). 1H-NMR (400 MHz, CDCl3): 
δ 1.48 (m, 4H, H2N-CH2CH2CH2CH2CH2), 1.71 (m, 4H, H2N-CH2CH2CH2CH2CH2), 
1.89, 2.28 (m, 2H, CHCH2CH2SS); 2.40 (m. 2H, H2NCH2); 3.15 (2H, m, CHCH2CH2SS); 
3.59 (m, 1H, CHCH2CH2SS). 13C-NMR (100 MHz, CDCl3): δ 26.4, 27.4, 28.7, 34.6, 
38.5, 40.3, 42.8 (7 -CH2); 56.8 (CH).  
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(iii) (Aib-Ala)6-lipoamide  
H2N
O
H
N
O
6
N
H
S
S
 
Preparation followed a literature procedure132. A sample of 0.2 g (0.2 mmol) of (Aib-
Ala)6 was dissolved in DMF and was added dropwise to a solution of 5 equivalents of 
lipoamine, HATU and DIPEA at 0°C. The solution was stirred at 0°C for 30 minutes and 
then at room temperature for 24 hours. DMF was removed and the residue was dissolved 
in chloroform. The solution was washed with 4% aqueous sodium bicarbonate and 4% 
sodium bisulfate. The organic fractions were dried over sodium sulfate, chloroform was 
removed and the residue was purified with column chromatography using methanol. The 
final product was further recrystallized from chloroform/hexane. Yield:  25%. 1H-NMR 
(400 MHz, CDCl3): δ 1.26-1.71 (m, 63 H,  CH3 from Aib and Ala + 9 H from lipoamine 
fragment);  2.5-3.7 (m, 6 H from lipoamine + 6 CH from Ala); 7.5-8.5 (12 NH). ES-MS:   
(M+Na)+ at m/z 1152.6 (calculated at 1152.59). 
 
(iii) FmocECzAla-(Aib-Ala)6-lipoamine  
O
O
N
NH
O
H
N
O
H
N
O
6
N
H
S
S
 
Preparation followed a modified literature procedure132. A sample of 0.11 g (0.1 mmol) 
of (Aib-Ala)6-lipoamide was dissolved in DMF.   The solution was cooled to 0°C and a 
solution of 2.5 equivalents of Fmoc-ECzAla, 2.5 eq of HATU and 2.5 of 
diisopropylethylamine (DIPEA) were added.   The solution was stirred at 0°C for 30 
minutes and then at room temperature for 72 hours. After the reaction was completed, the 
solvent was removed under reduced pressure and the residue was dissolved in 
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chloroform. The insoluble residue was separated by filtration. The chloroform solution 
was washed twice with 4% sodium bicarbonate solution and 4% sodium bisulfate 
solution. Finally the organic phase was dried over anhydrous sodium sulfate and the 
solvent removed under reduced pressure. The residue was purified by chromatography 
using dichloromethane/methanol (1:1) as the mobile phase. The product was further 
purified by recrystallization from chloroform or dichloromethane. Yield: 15%. ES-MS: 
M+ at m/z 1600 (expected at 1599.80).  
 
Preparation of tBocPyAla-(Aib-Ala)6-lipoamide 
 
(i) N-t-butoxycarbonyl-L-1-pyrenyl alanine (tBoc-PyAla)  
HN
OH
O
O
O
 
Preparation followed a modified literature procedure209. A sample of 1.0 g (3.4 mmol) of 
(l)-pyrenyl-alanine was suspended in 100 mL of a water/dioxane (1:1) mixture.  A 
solution of 1.0 g (4.6 mmol) of di-t-butyledicarbonate (t-Boc2)O and 0.5 g of 
triethylamine in 20 mL of water/dioxane (1:1) was added to the pyrenyl-alanine 
suspension, under stirring at 0°C. The solution was stirred at 0°C for 3 hours and then at 
room temperature for 24 h. The solution was filtered to recover the unreacted (l)-pyrenyl-
alanine and the solvent was removed. To the remaining brown oily residue, a small 
amount of water was added (5 ml), then the solution was acidified to pH 4 with 5% citric 
acid and it was extracted with ethyl acetate. The organic fractions were washed with 
water and dried with anhydrous sodium sulfate. The solvent was removed and ether was 
added to the remaining oil until precipitation of the product occurred. A white powder 
was filtered, dried under vacuum and finally recrystallized with chloroform/ether. Yield: 
20%. Rf = 0.45 (CHCl3/MeOH/AcOH 90:10:3). 1H-NMR (400 MHz, DMSO): δ 1.49 (s, 
9H, CH3); 3.29, 3.60 (m, 2H,  CH2);  4.41 (d, 1H, CH);  7.47 (d, 1H, NH);  7.73-8.53  (m, 
9H, CH pyrene). 13C-NMR (100 MHz, DMSO): δ 22.2 (CH3 from tBoc); 34.5 (CH2); 
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53.5 (CH); 122.9-132.0 (pyrene); 169.1, 173.1  (C=O). MS = M+ at m/z 389.2 (calculated 
at 389.16). 
 
(ii) tBocPyAla-(Aib-Ala)6-lipoamide  
NH
O
H
N
O
6
N
H
S
SHN
O
O
O
 
Preparation followed a modified published procedure132. A sample of 0.11 g (0.1 mmol) 
of (Aib-Ala)6-lipoamide was dissolved in DMF.   The solution was cooled to 0°C and a 
solution of 2.5 eq of t-Boc-PyAla, 2.5 eq of HATU and 2.5 eq of diisopropylethylamine 
(DIPEA) were added.   The solution was stirred at 0°C for 30 minutes and then at room 
temperature for 24 hours. After the reaction was completed, the solvent was removed 
under reduced pressure and the residue was dissolved in chloroform. The insoluble 
residue was separated by filtration. The chloroform solution was washed twice with 4% 
sodium bicarbonate solution and 4% sodium bisulfate solution. Finally the organic phase 
was dried over anhydrous sodium sulfate and the solvent removed under reduced 
pressure. A white-brown powder was obtained and recrystallized from chloroform/ether. 
Yield: 80%. Rf = 0.40 CHCl3/MeOH/NH4OH (13:5:1). 1H-NMR (400 MHz, CDCl3): 
δ 1.35-2.0 (broad band, 71 H,  54 H from CH3 from Ala and Aib units, 9 from CH3 tBoc, 
2 H from lipoamine ring CH2CH2CHSS and 8 CH2 from lipoamine chain);  3.15-3.20 (m, 
6H, 2 from CH2 lipoamine ring, CH2NH lipoamine chain and CH2 PyAla); 3.53 (m, 1H, 
CH lipoamine ring); 3.95-4.24 (m, 6H, CH Ala); 4.41 (CH PyAla); 7.30-8.12 (22 H, 9 
aromatic H from Py + 12 NH). 13C-NMR (100 MHz, CDCl3):  δ 14.2, 22.7, 23.3 (CH3 
from tBoc, Aib and Ala respectively); 26.5, 29.4, 30.1, 32.0, 35.1, 38.8, 38.9, 40.2 (CH2 
from lipoamine and from PyAla at 32.0 and 35.1); 56.4 (CH from lipoamine ring); 53.5 
(CH from PyAla); 50.6 (CH from Ala); 123.1-131.3 (Aromatic C); 169.7-171.2 (C=O) 
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Preparation of 1-(10-mercaptodecyloxy)-pyrene 
 
(i) 1-hydroxypyrene  
OH
 
Preparation followed a previously reported procedure210. A sample of 2.0 g (8.7 mmol) of 
pyrene-1-carboxyaldehyde and 3.0 g (13 mmol) of m-chloroperoxybenzoic acid were 
dissolved in 70 mL of dichloromethane. The mixture was heated at reflux for 24 under 
nitrogen. Approximately half of the solvent was removed by rotary evaporation. Small 
portions of NaHCO3 were added and the solution was stirred until effervescence ceased. 
The residual dichloromethane was removed with the rotavap. The brown dark solid was 
filtered, washed with water and dried under vacuum for 2 hours. This intermediate 
product was dissolved in 60 mL of a THF/methanol (1:1) mixture. 10 mL of an aqueous 
25% KOH solution was added. The solution was stirred under nitrogen for 4 hours. The 
solvent mixture was removed and the residue was diluted with 150 mL of 2% KOH. The 
aqueous solution was extracted several times with benzene/ether (1:1). The aqueous 
phase was ice-cooled and acidified to pH 2 with ~6 N HCl. A precipitate was obtained at 
low pH and it was filtered. The product was washed with cold water and then dried under 
vacuum. Yield: 92 %. m.p. 152-154 C. Rf: 0.6 (CH2Cl2/MeOH 1:1) 1H-NMR (400 MHz, 
CDCl3): δ 3.8-4.0 (br s, 1 H, OH); 7.4-8.8 (m, 9 H, pyrene). 13C-NMR (100 MHz, 
CDCl3): δ 128.7-135.1 (pyrene), 170.8 (C-OH).  
 
(ii) 1-(10-bromodecyloxy)pyrene    
O
Br
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Preparation followed a modified literature procedure142. A sample of 1.0 g (4.6 mmol) of 
1-hydroxypyrene and 4.18 g (13.9 mmol) of 1,10-dibromodecane was dissolved in 100 
mL of dry acetone, along with 0.63 g (4.6 mmol) of potassium carbonate. The solution 
was heated at reflux for 40 h. After the reaction was completed, the solvent was removed 
and the residue was dissolved in dichloromethane. The solution was filtered and the 
solvent was evaporated. The residue was purified with column chromatography (hexane-
dichloromethane 1:1). A yellow oil (1.28 g) was obtained (the product solidifies below 
20°C). Yield: 64%. Rf: 0.55. 1H-NMR (400 MHz, CDCl3): 1.25-1.50 (m, 16 H, CH2); 
1.75-1.87 (m, 4 H, CH2); 3.41 (t, 2 H, CH2Br); 4.32 (t, 2 H, O-CH2); 7.4-8.0 (m, 9 H, 
pyrene). 13C-NMR: 26.7-34.8 (9 CH2); 66.3 (O-CH2); 128.4-135.2 (pyrene) 
 
(iii) 1-(10-thioacetyl decyloxy)pyrene    
O
S
O
 
Preparation followed a modified literature procedure142. A sample of 1.2 g (2.7 mmol) of 
1-(10-bromodecyloxy)pyrene and 0.35 g (3.4 mmol) of potassium thioacetate were 
dissolved in 100 mL of ethanol. The solution was heated at reflux for 24 h. The solvent 
was removed and the residue was dissolved in dichloromethane. The solution was 
washed three times with water and then dried over anhydrous sodium sulfate. The 
dichloromethane was removed to yield 1.13 g of a white powder. Yield: 88%. 1H-NMR 
(400 MHz, CDCl3): δ 1.12-1.71 (m, 16 H, CH2); 2.25 (s, 3 H, CH3); 2.78 (t, 2 H, CH2-S); 
4.24 (t, 2 H, O-CH2); 7.31-7.94 (m, 9 H, pyrene). 13C-NMR (100 MHz, CDCl3): δ 26.4 
(CH3); 28.5-34.4 (9 CH2); 65.9 (O-CH2); 128.1-134.8 (pyrene); 165.9, 196.5 (C=O) 
 
(iv) 1-(10-mercapto decyloxy)pyrene  
O
SH
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Preparation followed a modified literature procedure142. A sample of 1.13 g (2.6 mmol) 
of 1-(10-thioacetyl decyloxy)pyrene was dissolved  in 75 mL of ethanol. A 0.2 N KOH 
solution was prepared and it was added dropwise to the first solution, at room 
temperature and under stirring. The solution was stirred for 15 minutes. The reaction was 
stopped by adding 10 drops of acetic acid. The solvent was removed and the residue was 
dissolved in dichloromethane. The organic solution was washed with water and dried 
over anhydrous sodium sulfate. The solvent was evaporated and the residue was purified 
by column chromatography (dichloromethane/hexane 3:2). A colorless oil was obtained. 
Yield: 51%. 1H-NMR (400 MHz, CDCl3): δ 1.28-1.60 (m, 16 H, CH2); 2.51 (m, 2H, 
CH2SH); 4.4 (t, 2 H, O-CH2); 7.36-8.02 (m, 9 H, pyrene). 13C-NMR (100 MHz, CDCl3): 
δ 25.1, 26.3, 28.7, 29.0, 29.4, 29.6, 29.8, 33.2, 34.4, 63.4, 128.1-134.5, 165.9 
 
Preparation of 1-(10-mercaptodecyl)-1H-imidazole 
 
(i) 1-(10-Bromodecyl)-1H-imidazole  
N
N Br
 
Preparation followed a previously reported procedure211. A sample of 1.5 g (22 mmol) of 
imidazole was dissolved in 50 mL of dry THF under nitrogen. 0.75 g of 60% sodium 
hydride in mineral oil was added. The mixture was stirred at room temperature for 2 
hours. A sample of 19.5 g (65 mmol) of 1,10-dibromodecane was added. The mixture 
was stirred, under nitrogen at room temperature for 15 hours. A white solid was removed 
by filtration. The filtrate was concentrated under reduced pressure and the residue was 
purified by chromatography. The excess of dibromodecane was eluted with hexane-
dichloromethane 1:1. The expected product was eluted with dichloromethane.  The 
product was obtained as colorless oil. Yield: 22%. 1H-NMR (400 MHz, CDCl3): δ 1.23-
1.39 (m, 14 H, CH2); 1.83 (m, 2H, CH2CH2Br); 3.36-3.43 (m, 4 H, CH2Br & CH2N); 
3.91(t, 2 H, CH2), 6.91, 7.03, 7.47 (s, 3H, imidazole). 13C-NMR (100 MHz, CDCl3): δ 
26.8, 28.4, 29.0, 29.3, 29.6, 31.4, 33.1, 34.5, 47.4 (CH2); 50.4 (CH2-N), 119.2, 129.3, 
137.3 (imidazole). 
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(ii) 1-(10-thioacetyl-decyl)-1H-imidazole 
N
N S O
 
Preparation followed a modified literature procedure142.  A sample of 1.4 g (3.5 mmol) of 
1-(10-bromodecyl)-1H imidazole and 0.58 g (5.1 mmol) of potassium thioacetate were 
dissolved in 75 mL of ethanol. The solution was heated at reflux for 24 h. The solution 
was filtered and then partitioned in a mixture of dichloromethane/water. The organic 
phase was triple rinsed with water and dried over anhydrous sodium sulfate. The solvent 
was removed to afford 1.2 g of an oil. Yield: 87%. 1H-NMR (400 MHz, CDCl3): δ 1.23-
1.33 (m, 14 H, CH2); 1.54 (m, 2 H, CH2); 1.76 (m, 2 H, CH2); 2.32 (s, 3H, CH3); 2.85 (m, 
2 H, CH2S); 3.92 (t, 2 H, CH2N); 6.91, 7.05, 7.47 (s, 3 H, imidazole). 13C-NMR (100 
MHz, CDCl3): 26.8, 29.1, 29.4, 29.5, 29.6, 29.8, 31.0, 31.4, 47.4, 119.1, 129.6, 137.4, 
196.4. ES-MS: M+ at m/z =283.4 (calculated at 283.2) 
 
(iii) 1-(10-mercaptodecyl)-1H imidazole   
N
N SH
 
Preparation followed a modified literature procedure142. A sample of 1.1 g (3.9 mmol) 1-
(10-thioacetyl-decyl)-1H-imidazole was dissolved in ethanol. 0.25 g (4.4 mmol) of 
potassium hydroxide was added and the mixture was stirred at room temperature for 30 
minutes. The reaction was quenched with a few drops of acetic acid. The solvent was 
removed and the residue was dissolved in dichloromethane. The organic solution was 
washed with water and dried over anhydrous sodium sulfate. The solvent was removed to 
yield 0.87 g of a clear oil. Yield: 85 %. 1H-NMR (400 MHz, CDCl3): 1.11-1.14 (m, 14 H, 
CH2); 1.68 (m, 2 H, CH2); 2.6 (m, 2 H, CH2S); 3.88 (t, 2 H, CH2N); 6.86, 7.03, 7.71 (s, 3 
H, imidazole). 13C-NMR (100 MHz, CDCl3): δ 25.0, 26.8, 28.6, 29.3, 29.5, 29.6, 29.7, 
31.2, 34.3, 48.0, 119.4, 127.1, 136.9 
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Preparation of 4-[3-(mercapto)-propoxy]-pyridine 2,6-dicarboxylic acid 
 
(i) Diethyl 4-(3-bromopropoxy)pyridine 2,6-dicarboxylate  
N
O
O
O
O
O Br  
Preparation followed a modified literature procedure142. A sample of 1 g (4.2 mmol) of 
diethyl 4-hydroxypyridine-2,6-dicarboxylate and 1.5 mL (14.7 mmol) of 1,3-
dibromopropane were dissolved in 60 mL of dry acetone. 1.18 g (8.6 mmol) of potassium 
carbonate was added. The solution was heated at reflux for 30 h and the reaction was 
monitored with TLC using hexane/ethyl acetate (1:2). After the reaction was completed, 
the solvent was removed and the residue was dissolved in dichloromethane. The solution 
was filtered and the solvent was evaporated. The residue was purified by column 
chromatography using hexane/ethyl acetate (1:2). A sample of 1.18 g of an oil was 
obtained.  Yield: 78%. 1H-NMR (400 MHz, CDCl3): δ 1.38 (t, 6H, CH3); 2.31 (m, 2 H, 
CH2); 3.54 (t, 2 H, CH2Br); 4.24 (t, 2H, O-CH2); 4.39 (m, 4H, O-CH2CH3); 7.73 (s, 2 H, 
Ar). 13C-NMR (100 MHz, CDCl3): δ 14.6 (CH3); 29.6 (CH2); 32.0 (CH2Br); 62.9, 66.6 
(O-CH2); 114.7, 150.6, 165.0 (aromatic); 167.0 (C=O) 
 
(ii) Diethyl 4-[3-(acetylthio)propoxy]pyridine-2,6-dicarboxylate  
N
O
O
O
O
O S O
 
Preparation followed a modified literature procedure142. A solution of 1.4 g (3.1 mmol) of 
Diethyl 4-(3-bromopropoxy)pyridine 2,6-dicarboxylate and 0.6 g (5.3 mmol) of 
potassium thioacetate in 60 mL of ethanol was heated at reflux for 18 h. A white 
precipitate was formed. The solution was filtered and the solid dried under vacuum to 
yield 0.48 g of product. Yield: 45%. 1H-NMR (400 MHz, DMSO): δ 1.32 (t, 6H, CH3); 
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2.0 (m, 2 H, CH2); 2.32 (s, 3 H, SC(O)CH3); 2.84 (t, 2 H, CH2S); 4.22 (t, 2H, O-CH2); 
4.39 (m, 4H, O-CH2CH3); 7.79 (s, 2 H, Ar) 
 
(iii) 4-(3-mercaptopropoxy)pyridine-2,6-dicarboxylic acid  
N
OH
O
HO
O
O SH  
Preparation followed a modified literature procedure142.  A sample of 0.45 g (1.3 mmol) 
of Diethyl 4-[3-(acetylthio)propoxy]pyridine-2,6-dicarboxylate was suspended in 30 mL 
of ethanol. Potassium hydroxide (0.22 g, 3.8 mmol) was added and the mixture was 
heated at reflux for 2 hours. The solution was diluted with water and then HCl (6 N) was 
added until the pH of the mixture was ~4. The solution was extracted with 
dichloromethane. The solvent was evaporated to give 0.23 g of a white powder. Yield: 
68%. 1H-NMR (400 MHz, DMSO): δ 2.15 (m, 2H, CH2), 2.89 (t, 2 H, CH2S), 4.30 (t, 2 
H, O-CH2), 7.7 (s, 2 H, pyridine). 13C-NMR (100 MHz, DMSO): δ 28.5, 34.3, 67.6, 
114.2, 150.3, 165.9, 167.1 
 
Preparation of 4-(16-mercaptohexadecyloxy)pyridine 
 
(i) 4-(16-bromo hexadecyloxy)pyridine  
N
O
Br
 
Preparation followed a modified literature procedure142.  A sample of 0.13 g (1.4 mmol) 
of 4-hydroxypyridine and 1.13 g (2.9 mmol) of 1,16-dibromodecane was dissolved in 50 
mL of acetone, along with 0.29 g (2.7 mmol) of sodium carbonate. The solution was 
heated at reflux for 18 h. The solvent was evaporated and the residue was dissolved in 
dichloromethane. The solution was filtered and the solvent was removed. The residue 
was purified by column chromatography. The product was eluted with dichloromethane-
methanol (9:1). Yield: 40%. 1H-NMR (400 MHz, CDCl3): δ 1.20-1.56 (m, 24 H), 1.84 
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(m, 4 H), 3.41 (t, 2 H), 3.65 (t, 2 H), 6.41 (d, 2 H), 7.30 (d, 2 H). 13C-NMR (100 MHz, 
CDCl3): δ 26.2, 28.6, 29.2, 29.4, 29.7, 29.8, 30.0, 33.2, 34.5, 63.3, 119.0, 140.2 
 
(ii) 4-(16-mercapto hexadecyloxy)pyridine  
N
O SH
 
Preparation followed a modified literature procedure159. A sample of 0.21 g (0.50 mmol) 
4-(16-bromohexadecyloxy)pyridine and 0.06 g (0.52 mmol) of potassium thioacetate was 
dissolved in 30 mL of ethanol. The solution was heated at reflux for 24 h. The solvent 
was removed. A small volume (~10 mL) of dichloromethane was added, the solution was 
filtered and the solvent was evaporated. The residue (a yellow oil) was dissolved in 75 
mL of ethanol.  A potassium hydroxide solution (2 mL, 0.2 N) in ethanol was added and 
the mixture was stirred at room temperature for 15 minutes. The solution was quenched 
by adding a few drops of acetic acid. The solution was partitioned in a mixture of 
dichloromethane-water. The organic fraction was dried with sodium sulfate, and the 
solvent was removed to afford the expected product as a clear oil. Yield: 50%. 1H-NMR 
(400 MHz, CDCl3): δ 1.20-1.56 (m, 24 H), 1.84 (m, 4 H), 2.51 (t, 2 H), 3.65 (t, 2 H), 6.54 
(d, 2 H), 7.36 (d, 2 H).   
 
Preparation of 1,6-Bis(2’,6’-dicarboxypyridyl-4’-oxymethyl)-pyrene 
 
(i) 1-6-Dibromopyrene 
Br
Br  
Preparation followed a literature procedure212. A sample of 20.2 g (0.1 mol) of pyrene 
was dissolved in 500 mL of carbon tetrachloride. A 500 mL sample of 0.8 M bromine 
solution in carbon tetrachloride was slowly added to the dissolved pyrene mixture. The 
reaction mixture was stirred at room temperature overnight. The precipitated product was 
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filtered and recrystallized from benzene to yield 7.6 g of a yellow-brown powder.  Yield: 
21%  m.p.: 221-222 °C (lit212: 221-222  °C). 1H-NMR (400 MHz, DMSO): δ 7.99 (m, 4 
H); 8.09-8.19 (m, 4 H). 
 
(ii) 1,6-Bis(hydroxylmethyl)pyrene  
OH
OH  
Preparation followed a literature procedure 213. A 2.8 g (5.6 mmol) sample of 1,6-
dibromopyrene was added to 20 mL of 3:1 benzene-ether. To the resulting slurry, 10 mL 
of 2.0 M n-butyllithium in cyclohexane was added. The yellow mixture was refluxed for 
1.5 h. The mixture was cooled at room temperature and 1.7 g of paraformaldehyde in 10 
mL of ether was added. The solution was heated to reflux for 2.5 h, cooled to room 
temperature and filtered to remove a light orange solid. The solid was washed with water 
and dilute HCl and dried under vacuum to afford 1.54 g. Yield: 75%. m.p.: 218-222°C 
(lit213. 225.5-227 °C).  1H-NMR (400 MHz, CDCl3):  δ 4.99 (s, 4 H), 7.82-8.28 (m, 8 H). 
13C-NMR (100 MHz, CDCl3): δ 61.6 (CH2); 123.2-130.0 (pyrene) 
 
(iii) 1, 6-Bis(bromomethyl)pyrene  
Br
Br  
A 2.2 g (8.4 mmol) sample of 1, 6-Bis(hydroxylmethyl)pyrene was partially dissolved in 
125 mL of benzene at 40°C. To this solution 1.5 mL of phosphorous tribromide was 
added dropwise and the solution was heated at reflux for 3 hours. The mixture was 
 191
cooled, and partitioned between a mixture of 3:2 ether/water. The organic layer was triple 
rinsed with water and dried over anhydrous sodium sulfate. The product was 
concentrated via rotary evaporation to afford 2.25 g of a red powder.  Yield: 68%. Rf = 
0.4 (CH2Cl2). m.p. = 174-180°C.  1H-NMR (400 MHz, CDCl3): δ 5.27 (s, 4 H); 8.04-8.57 
(m, 8 H). 13C-NMR (100 MHz, CDCl3): δ 31.9 (CH2); 123.4-131.5 (pyrene). 
 
(iv) 1, 6-Bis(2’, 6’-dicarbethoxypyridyl-4’-oxymethyl)pyrene  
O
N
O
O
O
O
O
N
O
O
O
O
 
A 0.371 g (0.95 mmol) sample of 1,6-bis(bromomethyl)pyrene and 0.66 g (2.8 mmol) of 
Diethyl 4-hydroxypyridine-2,6-dicarboxylate were dissolved in 70 mL of acetone. 
Potassium carbonate (0.27 g, 2.0 mmol) was added and the mixture was refluxed for 40h. 
The solvent was removed and the residue was dissolved in dichloromethane. The solution 
was filtered and the solvent was removed to yield an orange powder. The product was 
recrystallized from dichloromethane:hexane. Yield: 64%. Rf = 0.7 (hexane-ethyl acetate 
1:2). mp = 230-231°C. 1H-NMR (400 MHz, CDCl3): δ 1.44 (t, J = 7 Hz, 12H); 4.49 (m, 8 
H); 5.93 (s, 4 H); 7.9-8.56 (m, 12 H). 13C-NMR (100 MHz, CDCl3): δ 14.2 (CH3), 62.5 
(CH2), 69.5 (CH2), 114.7 (CH), 123.2-150.3 (aromatic C), 164.7 (C=O) 
 
(v) 1, 6-Bis(2’,6’-dicarboxypyridyl-4’-oxymethyl)-pyrene  
O
N
OH
O
OH
O
O
N
O
HO
O
HO
 
A sample of 0.30 g (0.46 mmol) of 1, 6-bis(2’, 6’-dicarbethoxypyridyl-4’-
oxymethyl)pyrene  was suspended in 60 mL ethanol. Potassium hydroxide (0.36 g, 6.4 
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mmol) was added and the solution was refluxed for 3 hours. The solution was diluted 
with water and acidified to pH 2.5 with 6 N HCl.   The solvent was partially removed and 
the yellow-red precipitate was removed and dried under vacuum to yield 0.25 g of 
product. Yield: 93%.  Mp. Decomposes above 230 °C. 1H-NMR (400 MHz, DMSO-d6):  
δ 6.09 (s, 4H); 7.59-8.82 (m, 12 H). 13C-NMR (100 MHz, DMSO-d6): δ 68.7 (CH2), 
114.1 (CH), 123.7-149.7 (aromatic carbons), 165.2 (C=O.) ES-MS:  (M+Na)+ at 615.0 
(calc. 615.10); M+at 592.8 (calc. 592.11). 
 
Preparation of 1,6-Bis[(isophthalic acid) 5’-oxymethyl]pyrene 
 
(i) 1,6-Bis[(Diethyl isophthalate) 5’-oxymethyl]pyrene 
O
O
O
O
O
O
OO
O
O
 
A sample of 2.51 g (6.5 mmol) of 1,6-bis(bromomethyl)pyrene and a sample of 6.04 g 
(25.3 mmol) of diethyl 5-hydroxyisophtalate were dissolved in 250 mL of acetone. A 
sample of 1.8 g (13 mmol) of potassium carbonate was added and the mixture was heated 
at reflux for 36 h. The solvent was removed and the residue was dissolved in 
dichloromethane. The CH2Cl2 solution was filtered and the solvent was removed. A 
green-brown solid was obtained after crystallization from dichloromethane/hexane. 
Yield: 30%.  1H-NMR (400 MHz, CDCl3):   δ 1.42 (t, 12H, CH3); 4.43 (m, 8 H, CH2); 
5.80 (s, 4 H, O-CH2); 7.4-8.36 (m, 20 H, 8 H pyrene, 6 H isophthalic) 
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(ii) 1,6-Bis[(isophthalic acid) 5’-oxymethyl]pyrene 
O
OH
O
OH
O
O
O
HO
O
HO
 
A sample of 1 g (1.4 mmol) of 1,6-bis[(diethyl isophthalate)-5’-oxymethyl]pyrene was 
suspended in 60 mL of ethanol. Potassium hydroxide (0.64 g, 11.4 mmol) was added and 
the solution was refluxed for 8 hours. The solution was diluted with water and acidified 
to pH 3 with 6 N HCl. The solvent was partially removed and a brown product was 
filtered and dried under vacuum. The compound has limited solubility in most common 
organic solvents. Yield:  90%.  1H-NMR (400 MHz, DMSO-d6): δ  5.99 (s, 4 H, CH2); 
7.9-8.60 (m, 20 H, aromatic H) 
 
Preparation of 1-(pyridyl-4’-oxymethyl)-pyrene 
 
O
N
 
A 1 g (3.4 mmol) sample of 1-(bromomethyl)pyrene and 0.4 g (4.2 mmol) of 4-
hydroxypyridine were dissolved in 50 mL of acetone. Potassium carbonate (0.8 g, 5.8 
mmol) was added and the mixture was heated at reflux for 24 h. The solution was filtered 
and the filtered solid was washed with dichloromethane and methanol. The solvent was 
removed and the product was dissolved in a 1:2 mixture of ethyl acetate and hexane. The 
precipitate, 0.35 g of a light orange solid, was filtered and washed with cold hexane. 
Yield: 33%. Rf  = 0.57 (dichloromethane-methanol 4:1). 1H-NMR (400 MHz, CDCl3): δ 
5.68 (s, 2H, CH2); 6.41 (d, 2 H, pyridine); 7.43 (d, 2 H, pyridine); 8.06-8.30 (m, 9 H, 
pyrene).  13C-NMR (100 MHz, CDCl3): δ 57.9; 119.1; 121.1; 125.1; 126.0; 126.3; 126.6; 
126.8; 127.2; 128.5; 129.4; 139.6. ES-MS: (M+H)+ at 310.5 (calc. 310.14) 
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Preparation of 1-(pyren-1-yl-methyl)-1H-imidazole  
N
N
 
Preparation followed a modified literature procedure 211. A 0.6 g (8.8 mmol) sample of 
imidazole was dissolved in 30 mL of dry THF under nitrogen. 0.6 g of 60% sodium 
hydride in mineral oil was added. The mixture was stirred for 2 hours at room 
temperature. 1-(Bromomethyl)pyrene (2.54 g, 8.6 mmol) was added and the mixture was 
stirred at room temperature, under nitrogen, for 36 hours. The solution was filtered. The 
solvent was removed under reduced pressure. A yellow solid was obtained and it was 
recrystallized from hexane-dichloromethane.  Yield: 63%. Rf  = 0.60 (methanol). 1H-
NMR (400 MHz, CDCl3): δ 5.82 (s, 2 H, CH2); 6.95, 7.10, 7.63 (s, 3 H, imidazole); 7.74-
8.67 (m, 9 H, pyrene). 13C-NMR (100 MHz, CDCl3): δ  48.9 (CH2), 119.4-137.4 
(aromatic) 
 
Preparation of 4, 4’-Di[Diethyl (4-ethoxy)pyridine 2,6-dicarboxylate]pyridil 
hexafluorophosphate  
 
(i) Diethyl 4-(2-bromoethoxy)pyridine 2,6-dicarboxylate  
N
O
Br
O
O
O
O  
Preparation followed a modified literature procedure142. A sample of 2 g (8.4 mmol) of 
diethyl 4-hydroxypyridine-2,6-dicarboxylate was dissolved in 120 mL of acetone, along 
with 2.1 mL (24.4 mmol) of 1,2-dibromoethane and 2.3 g (16.6 mmol) of potassium 
carbonate. The solution was heated to reflux for 24 h. The solvent was removed. The 
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residue was dissolved in dichloromethane, the insoluble material was separated by 
filtration and the solvent was removed. The residue was then purified by column 
chromatography and the product was eluted using a solvent system of hexane-ethyl 
acetate (1:2). Yield: 35%. 1H-NMR (400 MHz, CDCl3): δ 1.46 (t, 6 H, CH3), 3.7 (t, 2 H, 
CH2Br), 4.47 (m, 6 H, CH2-O), 7.81 (s, 2 H, pyridine). 13C-NMR (100 MHz, CDCl3): δ 
14.6 (CH3), 28.2 (CH2), 62.9 (CH2-Br), 68.7 (CH2-O), 114.6, 150.8, 165.0 (aromatic), 
166.4 (C=O) 
 
(ii) 4, 4’-Di[Diethyl(4-ethoxy)pyridine 2,6-dicarboxylate]pyridil hexafluorophosphate 
N N
O
O
N
N
O
O
O
O
O
O
O
O
2PF6-
 
Preparation followed published procedure about modification of 4-4’-dipyridil214, 215. A 
sample of 0.49 g (1.4 mmol) sample of diethyl 4-(2-bromoethoxy)pyridine 2,6-
dicarboxylate and 0.22 g (1.4 mmol) of 4-4’-dipyridil were dissolved in acetonitrile. 0.05 
g (0.35 mmol) of NaI was added and the solution was heated at reflux for 3 days. The 
solvent was evaporated and the red oil residue was partitioned in a mixture of water/ethyl 
acetate. The organic phase was washed three times with water. The aqueous fractions 
were combined and tetraethylammonium hexafluorophosphate was added. A white 
precipitate was formed immediately upon addition of the hexafluorophosphate salt. The 
compound was filtered, dried under vacuum and recrystallized form ethyl acetate-
acetonitrile. Yield:  48%. Rf: 0.7 (RP CH3CN/H2O 2:1). m.p.: 118-120°C. 1H-NMR (400 
MHz, CD3CN): δ 1.37 (t, 12H, CH3); 2.60 (t, 4H, N-CH2); 4.36-4.42 (m, 12 H, CH2 from 
OEt and O-CH2); 7.65 (s, 4H, pyridine); 8.40 (d, 4 H, viologen); 9.03 (d, 4 H, N-CH 
(viologen)). 13C-NMR  (100 MHz, CD3CN): δ 13.1 (CH3); 29.4 (CH2); 61.7, 65.1 (O-
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CH2); 113.8 (CH-pyridine); 125.8, 126.9 (CH-pyridil); 145.6 (C-pyridil); 149.6, 163.9 
(C-pyridine); 165.9 (C=O) 
 
Preparation of Diethyl 4-(ethynyl)pyridine 2,6-dicarboxylate 
 
(i) Diethyl 4-Bromo pyridine 2,6-dicarboxylate  
Br
N
O
OO
O
 
Preparation followed modified literature procedures216, 217. A sample of 9.36 g of bromine 
(3.0 mL) was slowly added to 20 mL of petroleum ether. The solution was stirred and 13 
mL of phosphorous tribromide was slowly added. A dark yellow solid (PBr5) precipitated 
from the solution. The mixture was stirred for additional 5 minutes. After the precipitate 
had settled at the bottom of the flask the supernatant liquid was decanted. The solid was 
washed three times with petroleum ether and the solvent was decanted each time. The 
yellow product was dried under vacuum. A sample of 3.6 g (19.6 mmol) of chelidamic 
acid was added to the phosphorous pentabromide. With slow stirring, the mixture was 
heated to 90 degrees (overheat of PBr5 leads to its decomposition). PBr5 melted and the 
mixture was stirred for 3 h. The mixture was cooled to room temperature and 30 mL of 
chloroform added. The mixture was slowly stirred, and 80 mL of absolute ethanol was 
added drop wise over 20 minutes. The solution was concentrated and the remaining oil 
was mixed with 100 mL of hexane. The solution was heated to reflux, cooled, and 
filtered. The filtrate was cooled overnight in the fridge and the product crystallized as 
long, needle like crystals. Yield: 30 %. Rf = 0.34 (hexane-ethyl acetate 3:1). 1H-NMR 
(400 MHz, CDCl3): δ 1.46 (t, 6 H, CH3); 4.49 (m, 4 H, CH2); 8.43 (s, 2 H, aromatic). 13C-
NMR (100 MHz, CDCl3): δ 14.2 (CH3); 62.8 (CH2); 135.0 (CH); 149.5, 163.6 
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(ii) Diethyl 4-[2-(trimethylsily)ethynyl]pyridine 2,6-dicarboxylate 
Si
N
O
OO
O
 
Preparation followed a modified literature procedure218. A sample of 1 g (3.3 mmol) of 
diethyl 4-bromopyridine-2,6-dicarboxylate, 2.69 g (27.4 mmol) of 
trimethylsilylacetylene, 0.21 g (0.3 mmol) of bis(triphenylphosphine)palladium (II) 
chloride and 0.0737 g  (0.39 mmol) of CuI were added to degassed triethylamine (6 mL) 
and THF (6 mL) in a thick walled reaction flask. The flask was sealed with a Teflon 
screw cap and the contents were stirred at 70°C for 36 h. The reaction mixture was 
filtered and the solid was washed 3 times with ether. The organic phases were combined 
and the solvent was evaporated. The crude product was purified by chromatography 
(hexane-ethyl acetate 3:1). A sample of 0.65 g of pure light brown solid was obtained. 
Yield: 62%. Rf = 0.44 (hexane-ethyl acetate 3:1). 1H-NMR (400 MHz, CDCl3): δ 0.27 (s, 
9 H, TMS); 1.43 (t, 6H, CH3); 4.45 (m, 4 H, CH2); 8.24 (s, 2 H, pyridine). 13C-NMR (100 
MHz, CDCl3): δ 0.00 (TMS); 14.7 (CH3); 62.9 (CH2); 100.9, 103.7 (C≡C); 130.2 (CH 
aromatic); 134.4, 149.2 (C aromatic); 164.6 (C=O) 
 
(iii) Diethyl 4-(ethynyl)pyridine 2,6-dicarboxylate  
N
O
OO
O
 
Preparation followed a modified literature procedure 218. A sample of 0.30 g (0.9 mmol) 
of diethyl 4-[2-(trimethylsily)ethynyl]pyridine-2,6-dicarboxylate was dissolved in 10 mL 
THF. The solution was cooled to 0 °C. 1 mL of 1 M tetrabutylammonium fluoride in 
THF was added.  The solution was stirred for 30 minutes and then 25 mL of water was 
added. The mixture was extracted with dichloromethane. The organic phase was washed 
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with brine and dried over anhydrous magnesium sulfate. The crude product was purified 
by chromatography (hexane-ethyl acetate 1:1). A sample of 0.224 g of a yellow powder 
was obtained. Yield: 96%. Rf = 0.62 (hexane-ethyl acetate 1:1). 1H-NMR (400 MHz, 
CDCl3): δ 1.39 (t, 6 H, CH3); 3.41 (s, 1 H, C≡CH); 4.43 (m, 4 H, CH2); 8.23 (s, 2 H, 
pyridine). 13C-NMR (100 MHz, CDCl3): δ 13.2 (CH3); 61.5 (CH2); 78.6, 83.4 (C≡C); 
129.0 (Ar-H); 132.0; 147.9 (C pyr); 163.0 (C=O) 
 
 
Preparation of 10-[4-(ethynyl)pyridine 2,6-dicarboxylic acid]- 5,15- diphenyl 
porphyrin 
 
(i) 5-Phenyldipyrromethane 
N
H HN
 
Preparation followed a literature procedure219. A sample of 150 mL (2.2 mol) of pyrrole 
was transferred to a nitrogen-purged flask. 6 mL (59 mmol) of benzaldehyde was added 
and the mixture was stirred under nitrogen for 5 minutes. TFA (0.5 mL) was added and 
the mixture stirred for 20 minutes, under nitrogen at room temperature. The excess of 
pyrrole was removed under reduced pressure; the remaining oil was purified by column 
chromatography (CH2Cl2). The collected fractions gave a brown-yellow oil that was 
partially dissolved in 50 mL of hexane-methanol (4:1) and stirred overnight to afford 2.24 
g of a white powder. Additional precipitation at 0°C (4 days) from dichloromethane-
hexane (~1:5) gave additional 3.73 grams. Yield: 46 %. Rf: 0.64 (CH2Cl2). 1H-NMR (400 
MHz, CDCl3): δ 5.47 (s, 1 H, CH); 5.91 (d, 2 H, pyrrole); 6.16 (m, 2 H, pyrrole); 6.69 
(m, 2 H, pyrrole); 7.20-7.33 (m, 5 H, phenyl); 7.92 (br s, 2 H, NH). 13C-NMR (100 MHz, 
CDCl3): δ 43.9; 107.1; 107.2; 108.4; 117.2; 127.0; 128.4; 128.5; 132.4; 142.0 
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(ii) 5, 15-Diphenylporphyrin 
HN
NNH
N
 
Two methods were employed for the synthesis of this compound. The first method is 
reported in Reference 220. Briefly, it consists in the reaction in the dark of 5-
phenyldipyrromethane with para-formaldehyde, followed by oxidation with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ). The compound was successfully synthesized 
following this first method but only in a 3% yield. A second method reported in reference 
219 was used to overcome the low yields and lengthy purification procedure of the first 
synthesis. 
A 0.5 g (2.2 mmol) sample of 5-phenyldipyrromethane was dissolved in 630 mL of 
dichloromethane. 18 mL of trimethylorthoformate was added. The solution was protected 
from the light. The solution was stirred at room temperature and a solution of 8.83 g (54 
mmol) of trichloroacetic acid in 230 mL CH2Cl2 was added dropwise over a period of 30 
minutes. The solution was stirred in the dark for 4 hours. 15.6 mL of pyridine was added 
and the solution stirred in the dark for additional 18 hours. The solution was purged with 
air for 15 minutes and stirred under laboratory lighting conditions for 4 hours. The 
solvent was removed and the residue purified by chromatography (dichloromethane-
hexane 7:3). A 0.156 g sample of purple crystals was obtained. Yield: 30%. Rf: 0.77 
(CH2Cl2-hexane 7:3); 0.34 (CH2Cl2-hexane 1:1). 1H-NMR (400 MHz, CDCl3): δ -3.15 
(br s, 2 H); 7.69 (m, 6 H); 8.21 (m, 4 H); 9.02 (d, 4 H); 9.32 (d, 4 H); 10.24 (s, 2 H). 13C-
NMR (100 MHz, CDCl3): δ 104.3; 118.1; 125.9; 126.7; 130.0; 130.6; 133.8; 140.3; 
144.1; 146.1. MS (EI):  (M+H)+ found at m/z 463.3  (calc. 462.20) 
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(iii) 10-Iodo-5, 15- diphenyl porphyrin  
HN
NNH
N
I
 
Preparation followed modified literature procedures198, 221, 222. A 0.114 g (0.25 mmol) 
sample of 5, 15-diphenylporphyrin was dissolved in 120 mL CHCl3. 0.1 g (0.40 mmol) I2 
was added in one portion. A solution of 0.13 g bis(trifluoroacetoxy)iodobenzene in 50 
mL CHCl3 was added dropwise over a period of 30 minutes, followed by 30 drops of 
pyridine. The solution was stirred in the dark for 1 hour. The solvent was removed and 
the residue was purified by chromatography (hexane-dichloromethane 7:3). A 0.0311 g 
sample of a purple solid was obtained. Yield: 21.5 % yield. Rf: 0.55 (CH2Cl2-hexane 1:1). 
1H-NMR (400 MHz, CDCl3): δ -3.17 (br s, 2 H); 7.67 (m, 6 H); 8.10 (m, 4 H); 8.84 (dd, 
4 H); 9.15 (d, 2H); 9.65 (d, 2 H); 10.04 (s, 1 H). 13C-NMR (100 MHz, CDCl3): δ 104.5; 
119.3; 125.8; 126.8; 127.8; 133.7; 140.4. MS:  M+ found at m/z 588.1 (calc. 588.08) 
 
(iv) 10-[Diethyl 4-(ethynyl)pyridine 2, 6 dicarboxylate] 5,15 diphenyl porphyrin  
HN
NNH
N
N
O
O O
O
 
Preparation followed an adapted literature procedure221.  A 0.031 g (52 µmol) sample of 
10-Iodo-5, 15- diphenyl porphyrin was dissolved in 40 mL of dry THF and it was added 
to a flask containing 0.017 g (25 µmol) bis(triphenylphosphine)palladium (II) chloride 
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and 0.013 g (42 µmol) of copper (I) iodide. Then 0.2 mL of triethylamine and 0.131 g 
(0.5 mmol) diethyl 4-(ethynyl)pyridine-2,6-dicarboxylate in 20 mL THF was added. The 
mixture was stirred in the dark, at room temperature and under argon for 24 h. The 
solvent was removed and the residue was purified by chromatography (dichloromethane). 
A 0.032 g sample of a purple-black solid was obtained. Yield: 84%. 1H-NMR (400 MHz, 
CDCl3): δ 1.26 (t, 6H, CH3); 4.55 (q, 4 H, CH2); 7.43-7.68 m (12 H); 6.1-6.4 (m, 6 H), 
7.63-8.71 (m, 12 H); 9.69 (d, 2 H). ES-MS: (M+H)+ at 708.1 (calculated at 708.25) 
 
(v) 10-[4-(ethynyl)pyridine 2,6-dicarboxylic acid]- 5,15- diphenyl porphyrin 
HN
NNH
N
N
HO
O O
OH
 
A sample of 0.0317 g (44.8 µmol) of 10-[diethyl 4-(ethynyl)pyridine-2, 6-dicarboxylate] 
5,15-diphenylporphyrin was dissolved in ethanol and 0.15 g (2.7 mmol) of KOH was 
added. The solution was refluxed for 90 minutes. The solution was diluted with water and 
acidified to pH 4 with 2 N HCl. A purple solid (0.016 g, 55%) was filtered. NMR shows 
loss of protecting groups, however full characterization of this compound was not 
possible. The crude product was used in the preparation of films. 
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Preparation of 5,15-di(p-thiophenyl) porphyrin 
 
(i) p-methylthiophenyldipyrrolemethane 
HN
HN
S
 
Preparation of this compound was done according to published procedures199, 219, 223. A 
sample of 5 mL (37.4 mmol) of p-methylthiobenzaldehyde and a sample of 120 mL (1.7 
mol) of pyrrole were mixed and nitrogen was bubbled through the solution for 15 
minutes. A sample of 0.50 mL TFA (6.7 mmol) was added and the solution was stirred 
under nitrogen for 15 minutes. The excess of pyrrole was removed under vacuum. The 
remaining solution was purified by column chromatography with dichloromethane as the 
mobile phase. The collected fractions were concentrated to a brown-yellow liquid. An 
excess of hexane (~10:1) was added to the remaining liquid and the mixture was stirred at 
room temperature overnight. A brown solid was filtered and then dried under vacuum. 
Yield: 63%. 1H-NMR (400 MHz, CDCl3): δ 2.48 (s, 3 H, SCH3); 5.38 (s, 1 H, CH); 5.88 
(d), 6.15 (d), 6.65 (dd) (6 H, pyrrole); 7.0-7.19 (m, 4 H, thiobenzaldehyde); 7.83 (br, s, 2 
H, NH). 13C-NMR (100 MHz, CDCl3): δ 16.3 (CH3); 43.8 (CH); 107.6; 108.8; 117.7; 
127.2; 129.3; 132.7; 137.3; 139.4  
 
(ii) 5, 15-di(p-methylthiophenyl) porphyrin 
NH
N HN
N
S S
 
Preparation followed a modified literature procedure219. A sample of 1 g (3.73 mmol) of 
p-methylthiophenyldipyrrolemethane and 30 mL of trimethylorthoformate was prepared 
in 1260 mL dichloromethane. The solution was protected from light. The solution was 
stirred at room temperature and 14.7 g (90 mmol) of trichloroacetic acid in 450 mL 
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CH2Cl2 was added dropwise over a period of 30 minutes. The solution was stirred in the 
dark for 4 hours. Pyridine (30 mL) was added and the solution stirred in the dark for 16 
hours. The solution was purged with air for 15 minutes and stirred under laboratory 
lighting conditions for 4 hours. The solvent was removed and the residue purified by 
chromatography (dichloromethane-hexane 7:3). A 0.274 g sample of a purple solid was 
obtained after complete evaporation of the solvent. Yield: 26%. Rf: (CH2Cl2-hexane 7:3). 
1H-NMR (400 MHz, CDCl3): δ -2.5 (2H, NH); 2.8 (s, 6 H, CH3); 7.79-9.34 (m, 16 H); 
10.7 (2 H). ES-MS: (M+H)+ at 555.4 (calc. 555.18) 
 
(iii) 5, 15-di(p-thiolphenyl)-porphyrin  
NH
N HN
N
HS SH
 
Preparation followed a modified literature procedure160. A 0.25 g (0.45 mmol) sample of 
5, 15-di(p-methylthiophenyl) porphyrin and 0.41 g (5.8 mmol) of sodium methanethiolate 
were mixed in 15 mL of hexamethylphosphoroamide (HMPA). The solution was heated 
under nitrogen at 110 °C for 7 hours. The solution was poured into 100 mL of dilute HCl 
at 0°C. A red-purple precipitate was filtered and washed with water. The material was 
dissolved in dichloromethane. The organic solution was dried with MgSO4 and the 
solvent was removed to afford 0.2 g of product. Yield: 85%. ES-MS: (M+H)+ at 527.5 
(calc. 527.15) 
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Preparation of 5-(10-triethoxysilyl)decyloxy isophthalic acid 
 
(i) Diethyl 5-(dec-9-enyloxy)isophthalate 
O
O O
O
O
 
A sample of 5 g (21 mmol) of diethyl 5-hydroxyisophthalate and 4.5 mL (22.4 mmol) of 
10-bromo-1-decene was dissolved in 60 mL of acetone. A sample of 3.3 g (23.9 mmol) of 
potassium carbonate was added and the mixture was heated at reflux for 36 h. The 
solvent was removed and the residue was dissolved in dichloromethane. The solution was 
filtered, the solvent was removed and the residue was purified with column 
chromatography (hexane-ethyl acetate 3:1). Yield: 58%. 1H-NMR (400 MHz, CDCl3): δ 
1.42 (m, 16 H, CH3 & CH2), 1.81 (m, 2 H, CH2), 2.0 (t, 2 H, CH2), 4.03 (t, 2 H, O-CH2), 
4.4 (t, 4 H, O-CH2), 4.91 (m, 2 H, =CH2), 5.8 (m, 1 H, =CH), 7.73 (s, 2 H, pyridine), 8.26 
(s, 1 H, pyridine) 13C-NMR (100 MHz, CDCl3): δ 14.3 (CH3), 26.0, 28.9, 29.1, 29.3, 
29.4, 33.8 (7 CH2); 61.3, 68.6 (CH2-O); 114.2, 119.7 (CH=CH2); 122.7, 132.0, 139.1, 
159.2  (aromatic C); 165.8 (C=O) 
 
(ii) 5-(dec-9-enyloxy)isophthalic acid 
O
HO O
HO
O  
A sample of 5.4 g (14.3 mmol) of diethyl 5-(dec-9-enyloxy)isophthalate and 2 g (35 
mmol) of potassium hydroxide was dissolved in 50 mL of ethanol and heated at reflux for 
3 h. The solution was diluted with 50 mL of water, acidified with HCl 2 N to pH 4 and 
extracted with dichloromethane. The organic fractions were dried over anhydrous sodium 
sulfate and the solvent was removed to afford a white powder. Yield: 95%. 1H-NMR  
(400 MHz, CD3OD): δ 1.27 (m, 10 H, CH2), 1.6 (m, 2 H, CH2), 1.87 (m, 2 H, CH2), 3.86 
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(m, 2 H, O-CH2), 5.62 (m, 1 H, CH=), 7.52 (s, 2 H, aromatic), 8.0 (s, 1 H, aromatic H)  
13C-NMR (100 MHz, CD3OD): δ 27.5, 30.5, 30.6, 30.8, 30.9, 35.3, 70.0, 115.1, 121.0, 
124.4, 134.1, 140.5, 161.1, 169.1  
 
(iii) 5-(10-triethoxysilyl)decyloxy)isophthalic acid 
Si(OEt)3O
HO O
HO
O  
Preparation followed a modified literature procedure224. A sample of 0.5 g (mmol) of 5-
(dec-9-enyloxy)isophthalic acid and a catalytic amount (0.0026 mmol/1) of Pt(PPh3)4 was 
added to HSi(OEt)3 (48~1 excess). The solution was stirred, under nitrogen, at 90 °C for 
60 hours. The solvent was removed under vacuum to afford 0.8 g of a mixture of the 
expected product and unreacted 5-(dec-9-enyloxy)isophthalic acid, and it was used as is 
for monolayer preparation.  
 
Preparation of 3-(4-oxypyridine)-propyltriethoxysilane 
Si(OEt)3O
N
 
A sample of 5.0 g (5.3 mmol) of 4-hydroxypyridine was dissolved in 75 mL of dry 
acetone. A sample of 12 mL (52.6 mmol) of 3-chloropropyl tirethoxysilane and 1.45 g 
(10.5 mmol) of potassium carbonate was added to the 4-hydroxypyridine solution. The 
mixture was heated at reflux for 72 hours, under nitrogen. The mixture was filtered and 
the solvent was removed. The residue was purified by column chromatography using 
dichloromethane/methanol 5:1 as the mobile phase. The product was obtained as a yellow 
oil (1.28 g, 80%). 1H-NMR (400 MHz, CDCl3): δ 0.78 (m, 6 H, Si-OCH2), 1.24 (t, 9 H, 
Si-OCH2CH3), 1.87 (br s, 2 H, CH2), 3.81-4.0 (m, 4 H, OCH2 and Si-CH2), 6.46 (d, 2 H), 
8.31 (d, 2 H) 
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III.3.6 Additional Experimental Results 
 
Tables of contact angle and thickness measurements for the films described throughout 
the chapter. 
 
Table III.15:  Contact angle results for films on gold 
 Film  Contact angle (degrees) 
SAM (Isophthalic decanethiol) 
SAM-Cu(II) 
SAM-Cu(II)-Pyrene 
  
SAM-Co(II) 
SAM-Co(II)-Pyrene 
 
SAM-Fe(III) 
SAM-Fe(III)-Pyrene 
52 ± 3 
55 ± 4 
86 ± 5 
 
60 ± 2 
79 ± 4 
 
59 ± 6 
87 ± 3 
SAM-Cu(II)-Pyrene (Isophthalic decanethiol) 
SAM-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)  
SAM-Co(II)-Pyrene-Co(II)-Pyrene  
 
SAM-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III) 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
81 ± 4 
63 ± 3 
76 ± 3 
 
73 ± 3 
76 ± 2 
74 ± 3 
 
80 ± 3 
63 ± 2 
82 ± 4 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene (Isophthalic dt) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II) 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II)-Pyrene 
 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)  
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)-Pyrene 
83 ± 3 
71 ± 2 
83 ± 3 
 
80 ± 2 
66 ± 2 
--- 
 
84 ± 2 
68 ± 2 
82 ± 3 
SAM (Pyridine-decanethiol) 
SAM-Fe 
90 ± 3 
64 ± 2 
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SAM-Fe-Pyrene 84 ± 2 
SAM (Imidazole-decanethiol) 
SAM-Cu 
SAM-Cu-Pyrene 
 
SAM-Fe 
SAM-Fe-Pyrene 
60 ± 3 
65 ± 3  
84 ± 2 
 
63 ± 2 
89 ± 2 
SAM (Chelidamic propanethiol) 
SAM-Cu 
SAM-Cu-Pyrene 
45 ± 5 
52 ± 3 
80 ± 3 
SAM (Chelidamic hexadecanethiol) 
SAM-Cu 
SAM-Cu-Pyrene 
 
SAM  
SAM-Fe 
SAM-Fe-Pyrene 
78 ± 3 
60 ± 2 
85 ± 2 
 
78 ± 3 
58 ± 3 
83 ± 3 
SAM (Isophthalic hexadecanethiol) 
SAM-Cu 
SAM-Cu-Pyrene 
 
SAM  
SAM-Fe 
SAM-Fe-Pyrene 
67 ± 3 
60 ± 4 
81 ± 3 
 
67 ± 3 
58 ± 3 
87 ± 4 
SAM (Pyridine-hexadecanethiol) 
SAM-Fe 
SAM-Fe-Pyrene 
70 ± 3 
63 ± 2 
91 ± 2 
SAM (Chelidamic decanethiol) 
SAM-Cu-Viologen 
69 ± 1 
42 ± 7 
SAM (Chelidamic decanethiol) 
SAM-Cu-Porphyrin (acetylene) 
69 ± 1 
75 ± 3 
Pyrene-decanethiol 95 ± 3 
Peptide (with pyrenyl alanine) 48 ± 2 
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Table III.16: Thickness results 
 
Film  Thickness 
(nm) 
SAM (Isophthalic decanethiol) 
SAM-Cu(II) 
SAM-Cu(II)-Pyrene 
  
SAM-Co(II) 
SAM-Co(II)-Pyrene 
 
SAM-Fe(III) 
SAM-Fe(III)-Pyrene 
1.2 ± 0.2 
1.5 ± 0.2 
3.2 ± 0.3 
 
1.4 ± 0.3 
3.4 ± 0.3 
 
1.6 ± 0.2 
3.2 ± 0.3 
SAM-Cu(II)-Pyrene (Isophthalic decanethiol) 
SAM-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)  
SAM-Co(II)-Pyrene-Co(II)-Pyrene  
 
SAM-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III) 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
 
SAM-Ag(I) 
4.1 ± 0.3  
4.9 ± 0.3 
7.2 ± 0.5 
 
4.2 ± 0.4 
4.3 ± 0.3 
6.4 ± 0.4 
 
4.3 ± 0.3  
-- 
7.1 ± 0.5 
 
1.8 ± 0.3 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene (Isophthalic dt) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II) 
SAM-Cu(II)-Pyrene-Cu(II)-Pyrene-Cu(II)-Pyrene 
 
SAM-Co(II)-Pyrene-Co(II)-Pyrene 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II) 
SAM-Co(II)-Pyrene-Co(II)-Pyrene-Co(II)-Pyrene 
 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene 
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)  
SAM-Fe(III)-Pyrene-Fe(III)-Pyrene-Fe(III)-Pyrene 
6.6 ± 0.4 
7.8 ± 0.3 
8.6 ± 0.5 
 
6.5 ± 0.4 
6.8 ± 0.3 
-- 
 
8.6 ± 0.5 
10.4 ± 0.7 
9.9 ± 0.5 
SAM (Pyridine-decanethiol) 
SAM-Fe 
SAM-Fe-Pyrene 
1.3 ± 0.2 
1.9 ± 0.3 
3.5 ± 0.3 
SAM (Pyridine-decanethiol) 
SAM-Ru 
SAM-Ru-Pyrene 
1.3 ± 0.2 
1.9 ± 0.3 
3.0 ± 0.3 
SAM (Imidazole-decanethiol) 0.9 ± 0.2 
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SAM-Cu 
SAM-Cu-Pyrene 
 
SAM-Fe 
SAM-Fe-Pyrene 
1.4 ± 0.3 
3.7 ± 0.4 
 
1.7 ± 0.3 
2.8 ± 0.3 
SAM (Chelidamic propanethiol) 
SAM-Cu 
SAM-Cu-Pyrene 
0.7 ± 0.2 
1.0 ± 0.3 
2.2 ± 0.3 
SAM (Chelidamic hexadecanethiol) 
SAM-Cu 
SAM-Cu-Pyrene 
 
SAM-Fe 
SAM-Fe-Pyrene 
1.8 ± 0.2 
2.1 ± 0.2 
3.9 ± 0.3 
 
2.4 ± 0.3 
3.9 ± 0.3 
SAM (Isophthalic hexadecanethiol) 
SAM-Cu 
SAM-Cu-Pyrene 
 
SAM-Fe 
SAM-Fe-Pyrene 
1.8 ± 0.2 
2.2 ± 0.2 
4.3 ± 0.4 
 
2.5 ± 0.3 
3.9 ± 0.3 
SAM (Pyridine-hexadecanethiol) 
SAM-Fe 
SAM-Fe-Pyrene 
1.6 ± 0.2 
1.9 ± 0.2 
4.3 ± 0.3 
SAM (Chelidamic decanethiol) 
Viologen-Cu-Chedt 
1.2 ± 0.2 
5.5 ± 0.4 
SAM (Chelidamic decanethiol) 
SAM-Cu 
SAM-Cu-Porphyrin(acetylene) 
 
SAM-Cu-Por(SH) 
SAM-Cu-Por(SH)-Cu-Por(SH) 
SAM-Cu-Por(SH)-Cu-Por(SH)-Cu-Por(SH) 
SAM-Cu-Por(SH)-Cu-Por(SH)-Cu-Por(SH)-Cu-Por(SH 
 
Au-Por(SH)-Cu-Por(SH)-Cu-Por(SH) 
Au-Por(SH)-Cu-Por(SH)-Cu-Por(SH)-Cu-Por(SH) 
Au-Por(SH)-Cu-Por(SH)-Cu-Por(SH)-Cu-Por(SH)-Cu-
Por(SH) 
Au-Por(SH)-Cu-Por(SH)-Cu-Por(SH)-Cu-Por(SH)-Cu-
Por(SH)-Cu-Por(SH) 
1.2 ± 0.3 
1.5 ± 0.3 
3.3 ± 0.4 
 
3.2 ± 0.4 
6.5 ± 0.8 
7.9 ± 0.8 
10.0 ± 0.7 
 
7.1 ± 0.7 
12.0 ± 1.0 
16.9 ± 1.3 
 
22.3 ± 2.0 
Pyrene-decanethiol 1.6 ± 0.3 
Peptide 2 (pyrenyl alanine) 2.5 ± 0.2  
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III.4 Multilayered Films with Lanthanide Ions 
 
 
III.4.1 Background 
 
Dicarboxypyridine ligands are known to complex not only transition metals but also 
lanthanide metals225-227. These complexes are formed with a ratio of 3:1 chelidamic acid-
metal. There has been a rapid growth in research related to the coordination chemistry of 
lanthanide ions with multidentate ligands because of the possibility of using these 
complexes in biological, medical and material science applications. The fabrication of 
chemically modified surfaces capable of detecting and/or trapping lanthanide metal ions 
has potential applicability in fluorescence assay studies and magnetic resonance imaging 
(MRI).  
 
Lanthanide metals are strongly fluorescent allowing for the possibility of using them as 
part of modified devices in applications such as biological imaging, drug discovery, 
medical diagnostics 228, 229. Compounds containing Gd(III) are used as MRI contrasting 
agents. MRI is a powerful diagnostic technique to image the human body in a 
noninvasive manner. Acquisition of MRI images is usually achieved by administration of 
a contrast agent, which can provide additional information by enhancing various portions 
of the image. The contrasting agent decreases the relaxation time of the tissue water and, 
thus allows certain spots to be much more prominent than the surrounding tissues. 
Complexes of Gd(III) are used as contrasting agents because of the high magnetic spin of 
gadolinium, which allows the required decrease in relaxation time230-232. The 
disadvantage with gadolinium is its high toxicity. It is thus desirable to prepare materials 
that can be used for MRI imaging but do not represent a health risk by releasing Gd(III) 
inside the patient’s body.233  
 
A few examples of SAMs containing lanthanide ions have been reported in the literature. 
Cheng et al.234 reported the preparation of multilayered thin films of a polybasic 
praseodymium heteropoly tungstate-molybdate complex and a cationic polymer of 
quaternized poly(4-vinylpyridine) partially complexed with osmium bis(2,2’-bypyridine) 
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on a gold electrode precoated with a cysteamine SAM. The cysteamine SAM provides a 
positively charged surface that allows complexation with the praseodymium compound to 
yield a negatively charged surface. Subsequent immersion in a solution of the osmium 
complex results in deposition of another positively charged layer. Alternate depositions 
yielded multilayers, up to 14 bilayers of Pr-Os units. Formation of such complex 
structures was characterized using optical spectroscopy, small-angle X-ray diffraction 
and electrochemical techniques. In a different study, Mallik235 reported the synthesis of 
polymerizable-metal chelating thiols bearing compounds such as EDTA which are 
expected to be used in SAM preparation for the complexation of lanthanide ions. 
However, to this date no further work has been published related to the preparation and 
characterization of such SAMs.  
 
Takehara121 reported the use of glutathione monolayers to detect lanthanide ions in 
solution based on the ion-gate effect in the CV of potassium ferricyanide. Aihara236 has 
prepared monolayers of glutathione-(α-L-glutamyl-L-cysteinyl-glycine) on gold which 
can adsorb lanthanide ions in aqueous solutions. Other multilayered films have been 
prepared containing bulky lanthanide compounds (polyoxymetalates) that are adsorbed 
on the surface as bilayers in combination with anionic surfactants or polymerizable 
materials.237-239 
 
In this chapter preliminary results are given of multilayered films on different surfaces 
containing lanthanide ions using dicarboxypyridine or dicarboxybenzene (isophthalic 
acid) as ligands. Characterization of these films was carried out using the same 
techniques employed in the characterization of multilayered films with transition metals. 
In addition, fluorescence spectroscopy was used to provide additional evidence of the 
presence of the lanthanide ion layer. 
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III.4.2 Results and Discussion 
 
Complexation of lanthanide metals with dicarboxy-pyridine ligands on the SAM was 
possible by immersing the modified gold substrate in a DMSO solution of the acetate or 
chloride salt of the lanthanide for 24 h. Deposition of lanthanides from other solvents 
(methanol, ethanol, THF, CH3CN, H2O, DMF, pyridine) was unsuccessful. Deposition of 
lanthanides is shown by reproducible electrochemical measurements (CV) and contact 
angle (CA) values. Capping of the metal layer with pyrene-dicarboxypyridine ligands did 
not provide well-formed multilayer (CV and CA results are not reproducible) but 
photocurrent results, and significant changes in capacitance values from impedance 
measurements show that partial capping with pyrene-dicarboxypyridine is possible. The 
magnitude of photocurrent generation in the presence of methyl viologen or TEA was 
less than 10 nA/cm², which is slightly lower than the average photocurrent from Film I 
described in a previous Chapter.  
 
Tables III.17-19 show the contact angle, thickness and impedance results obtained for 
films with all commercially available lanthanide ions. Figure III.56 shows a typical CV 
observed for these films, which shows the same effect observed for multilayers capped 
with transition metals. The presence of the positively charged metal seems to provide an 
ion-gate process for the penetration into the monolayer of the negatively charged redox 
species (ferricyanide) in solution as reported before for similar systems121. Impedance 
results were measured only at –0.5 V vs SCE and a Randles circuit was used to fit the 
experimental data. The reproducible changes in capacitance and resistance values are 
interpreted as the result of complexation of metal with the SAM. A more detailed 
electrochemical analysis, as it is described in Chapter III-1 for multilayered films with 
Cu(II) and other transition metals was not applied to multilayers with lanthanides because 
of the lanthanides inert electrochemical behavior. Additional support for the deposition of 
the lanthanide ions on the surface was done on the basis of IR and fluorescence 
spectroscopy results.  
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Film Contact angle (degrees) 
SAM (Chelidamic decanethiol) 
SAM-Ce 
SAM-Pr 
SAM-Nd 
SAM-Sm 
SAM-Eu 
SAM-Gd 
SAM-Tb 
SAM-Dy 
SAM-Ho 
SAM-Er 
SAM-Tm 
SAM-Yb 
SAM-Gd-BiPy 
SAM-Gd-BiPy-Gd 
SAM-Gd-Che 
63.5 ± 0.5 
45 ± 3 
58 ± 3 
52 ± 1 
53 ± 3 
48 ± 2 
50 ± 3 
 51 ± 3 
42 ± 2 
50 ± 3 
57 ± 5 
58 ± 5 
59 ± 5 
59 ± 5 
63 ± 2 
64 ± 6 
Table III.17: Contact Angle Results for films with different lanthanide ions 
 
Film Thickness (nm) 
SAM (Chelidamic decanethiol) 
SAM-Gd 
SAM-Nd 
SAM-Pr 
SAM-Dy 
SAM-Sm 
SAM-Eu 
1.2 ± 0.2  
2.2 ± 0.4 
2.2 ± 0.2 
2.2 ± 0.3 
2.0 ± 0.3 
2.2 ± 0.3  
1.7 ± 0.5 
Table III.18: Thickness Results for films with different lanthanide ions 
 
Film RSAM (ohms) CSAM (µF/cm2) 
SAM-Ce 
SAM-Dy 
SAM-Er 
SAM-Eu 
SAM-Gd 
SAM-Ho 
SAM-Lu 
SAM-Nd 
SAM-Pr 
SAM-Sm 
SAM-Tb 
SAM-Tm 
SAM-Yb 
4900 ± 500 
4100 ± 300 
5200 ± 500 
5900 ± 400 
4500 ± 200 
4600 ± 400 
5800 ± 400 
6400 ± 200 
5900 ± 100 
5000 ± 300 
7000 ± 100 
7200 ± 700 
6100 ± 700 
9 ± 1 
15 ± 4 
16 ± 5 
10±3 
13 ± 2 
9 ± 3 
12 ± 1 
17 ± 5 
14.4 ± 0.3 
10.5 ± 0.5 
12.6±0.4 
17 ± 2 
11 ± 3 
Table III.19: Impedance Spectroscopy results for films with different lanthanide ions 
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Figure III.56: CV of ferricyanide with multilayers containing Gd(III) or Eu(III). Similar 
results were obtained for films with other lanthanide ions. 
 
Figure III.57 shows the FT-IR grazing angle spectra of several lanthanide-SAM films. A 
common feature of these spectra is the disappearance of the carbonyl stretching vibration 
from the dicarboxypyridine which is attributed as evidence of the coordination of COO- 
with the lanthanides. Similar results were observed by Sun and co-workers233 with 
complexes of Gd(III) and diethylenetriaminepenta-acetic acid ligands. Upon 
complexation with Gd(III) the FT-IR spectrum of the complex becomes complicated and 
both the symmetry and asymmetry stretching vibration bands of COO-(carboxylate) 
moved toward lower wavenumber (1415, 1601 cm-1). The ATR FT-IR spectra of the bulk 
samples of complexes of lanthanide acetates with chelidamic acid also reveal the lack of 
carbonyl stretching vibration at ~1750 cm-1.* 
                                                 
* Complexes of chelidamic acid and lanthanide ions were made from aqueous solutions of 2:1 (chelidamic 
acid-lanthanide) mixtures. The samples were obtained as powder materials after slow evaporation of the 
solvent. Crystals can only be obtained when using a mixture of chelidamic acid, lanthanide salts and 
imidazole. 
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Figure III.57: IR spectra: SAM (top); (b) SAM-Ho(III) (middle); (c) SAM-Gd(III) 
(bottom). Deposition of lanthanide metals results in changes to the C=O band of the 
carboxylic acid groups originally observed at 1726 cm-1 
 
Multilayers of dicarboxypyridine complexed with several lanthanide ions were also 
prepared on quartz and ITO substrates. Figure III.58 shows the structure of the 
underlying SAMs employed to prepare films on substrates other than gold. Complexation 
of lanthanides on these SAMs was attained from slow deposition from DMSO solutions. 
Contact angle values of the modified SAM with lanthanides are similar to the films on 
gold. Two reasons led to prepare these films on surfaces other than gold: (1) to show that 
multilayered formation can be accomplished on surfaces other than gold (2) multilayers 
on quartz and ITO are ideally easier to characterize by fluorescence spectroscopy 
compared to SAMs on gold where the substrate can quench the fluorescence. Current 
work is being done to characterize multilayers with lanthanides by fluorescence 
measurements. 
 
Formation of additional layers: 
A multilayer on gold containing Gd(III) was capped with chelidamic acid (DMSO 
solution) given a good insulating multilayer (3 layers). Capping with chelidamic acid 
shows that it is possible to continue deposition of ligands over the first lanthanide metal 
layer, and that capping with the pyrene containing ligand gave poor coverage probably 
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because of size restrictions with this ligand. Figure III.59 shows a CV for this multilayer. 
Ellipsometry measurements indicate the presence of a third layer rather than removal of 
the second layer by the chelidamic acid ligand in solution. 
 
Multilayers of Gd-chelidamic acid decanethiol and other lanthanides (Nd(III), Eu(III)) 
were capped with bypyridine ligands. The stepwise deposition of more layers (up to 5) 
was attempted. Deposition of bypyridine from ethanol solution gives irreproducible CV 
results. At least half of the samples did not show a decrease in conductivity, which can be 
related to the presence of multiple defects upon complexation of bypyridine ligands on 
the surface. It was not possible to add a fourth lanthanide layer, the CV shows increase in 
conductivity but the CA values show little change. 
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Figure III.58: Structure of SAMs deposited on quartz and ITO 
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Figure III.59: CV of a SAM-Gd film capped with chelidamic acid 
 
 
A modified alkanethiol bearing an EDTA moiety was also used in the complexation of 
lanthanide ions. Figure III.60 shows the structure of this compound. The SAMs of 
EDTA-decanethiol showed less insulating behavior than films of dicarboxypyridine and 
dicarboxybenzene-decanethiol. Complexation of lanthanide metal ions did not reveal 
better features than the multilayers obtained with dicarboxypyridine and 
dicarboxybenzene ligands. The drawback of this compound is the more bulky group 
relative to the other ligands, it would be advantageous to assemble EDTA on surfaces 
using a longer alkyl chain as a backbone to ensure the formation of more ordered 
monolayers. From an application point of view, EDTA quenches the fluorescence of 
lanthanide ions and EDTA is not suitable for a device designed for MRI applications 
because of the high affinity of EDTA in the human body and the possibility of in vivo 
exchange of other ions releasing toxic Gd(III). 
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Figure III.60: SAM of an alkanethiol modified with EDTA 
 
III.4.3 Conclusions 
 
The approach to fabricate multilayered films based on non-covalent, metal-ligand 
interaction was easily extended from complexation of transition metals to lanthanide ions. 
Characterization of film with lanthanides show similar features to the results observed 
with transition metals. The best evidence of lanthanide complexation on the surface is 
provided by shifts in the carboxylate band in the FT-IR spectra, and changes in contact 
angle. Although the films presented here lack the ability of forming thicker layers, the 
results demonstrate that functionalized SAMs incorporating lanthanide ions can be made 
which could potentially lead to fabrication of devices based on the magnetic and 
fluorescent properties of lanthanides. 
 
III.4.4 Future work 
 
The problem encountered with the deposition of lanthanide ions on SAMs was that 
ordered multilayers are difficult to build. There are several options to improve the order 
and quality of these films, for example: 
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1.  To introduce spacers in the films structure by fabrication of mixed monolayers, thus 
increasing the separation between ligands to provide more space for lanthanide- 
interactions. This could help depositing additional layers of ligands and metal ions 
because the steric hindrance for complexation of the lanthanide metals with subsequent 
layers of ligands is decreased. 
 
2. To use longer alkyl chain spacers for the first monolayer. Chelidamic and isophthalic 
acid ligands attached to hexadecanethiol chains are the first model that could be studied. 
Longer alkyl chains could be used to guarantee formation of highly ordered first layers 
and subsequent complexation of lanthanide ions. The use of long alkyl chains for 
lanthanide complexation does not present disadvantages like in the case of photocurrent-
generating systems where long alkyl chains decrease the rate of electron transfer through 
the film, since the applications of SAMs with lanthanide ions will rely on NMR and 
fluorescence studies. The use of long chains could improve fluorescence characterization 
by decreasing the quenching of fluorescence by the gold surface.  
 
3. To use ligands with higher affinity for lanthanide ions, for example bisaminopyridinato 
ligands (Figure III.61). Studies with this type of ligands report the formation of highly 
stable nitrogen-coordinated lanthanide complexes240, 241. The first molecule on Figure 
III.62 contains an aminopyridinato ligand with a small substituent at the amido N-atom. 
This ligand could be used in mixed monolayers to allow enough space on the film for 
lanthanide complexation. The second molecule has a bulky substituent at the amido N-
atom. This could be use with long alkyl chain monolayers eliminating the need for a 
mixed film.  
 
4. The idea of studying SAMs capable of complexing lanthanide ions is related to the 
goal of developing new substrate materials for MRI studies. Films assembled on gold on 
glass are just a proof-of concept experiment to prove that we could fabricate and 
characterize nanoscale structures with lanthanide ions. Looking towards more applicable 
systems it would be convenient to study the formation of multilayers on gold 
nanoparticles. The use of gold nanoparticles was presented before (Chapter III.1.5, 
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III.3.5). For the study of lanthanides, the advantage of preparing multilayers on 
nanoparticles is that solid-state NMR studies can be carried out on these structures 
allowing for better characterization of multilayers with metals like Gd(III). Several NMR 
studies have been reported to characterize a variety of compounds immobilized on gold 
nanoparticles, revealing information about the structure of the surface-immobilized 
species, metal-ligand interactions and the dynamics of the gold nanoparticle structures242-
246.  
 
N
NH NN
H
1 2  
Figure III.61: Structure of other ligands that are known to form strong lanthanide 
complexes  
 
III.4.5 Experimental 
 
a. Preparation of films 
 
The preparation of multilayers with lanthanide ions and the procedure employed for 
characterization of the films were described before. Monolayers of EDTA-decanethiol 
were prepared from a 1-3 mM solution in ethanol for a period of 96 hours. Monolayers of 
chelidamic-decanetrichlorosilane and isophthalic-decanetrichlorosilane on quartz were 
prepared from 1-3 mM solutions in toluene for an immersion time of 12 hours. 
Lanthanide ions were adsorbed on the surfaces (either gold or quartz) from DMSO 
solutions containing a 2 mM concentration of a lanthanide (III) acetate (with the 
exception of terbium that was used as a chloride) for 24 hours. 
 
b. Synthesis 
 
Preparation of compounds with chelidamic acid ligands was described in Chapter III.1. 
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Preparation of ethylenediamine (triacetic acid)-decanethiol 
 
(i) Ethylenediamine tetraethyl ester 
O
N
OO
N
O O
O
O
O
 
Preparation was done according to a published procedure247.  A sample of 29.23 g (0.09 
mol) of the potassium salt of EDTA in 2.0 mol of ethyl alcohol was cooled in an ice-salt 
bath and thionyl chloride (8.9 mL, 0.12 mol) was added dropwise with stirring. (Note: A 
white precipitate was formed that prevented proper stirring of the solution). The reaction 
mixture was allowed to stand at room temperature for 20 days. Sodium carbonate 
solution was added and the ester was extracted with dichloromethane. The organic 
solution was dried over sodium sulfate. After evaporation of the solvent, 11.3 g of the 
tetra ethyl ester was obtained as a colorless oil (solid below r.t. ~30 °C). Yield: 32%. 1H-
NMR (400 MHz, CDCl3): δ 1.26 (t, 12 H, CH3); 2.9 (s, 4 H, NCH2CH2N); 3.60 (s, 8 H, 
CH2); 4.16 (m, 8 H, CH2 from protecting groups).  13C-NMR (100 MHz, CDCl3): δ 14.5; 
51.8; 55.8; 61.3; 172.1 
 
(ii) Triethyl ester ethylenediamine carboxylic acid  
O
N
O
O
N
OH
O O
O
O
 
Preparation was done according to a published procedure248. Pig liver esterase (170 
units/mmol) was added to a suspension of 2.0 g (4.95 mmol) of ethylenediamine 
tetraethyl ester in 10 mL of acetone and 190 mL of sodium phosphate buffer (0.05 M, pH 
8.0). The mixture was shaken at 250 rpm at 27 °C for 4.5 h. The reaction mixture was 
extracted with hexane (3x100 mL) and then with dichloromethane (4x100 mL). The 
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dichloromethane fractions were dried with magnesium sulfate, filtered, and the solvent 
removed to yield 1.34 g of a clear viscous oil. Yield: 72%. 1H-NMR (400 MHz, CDCl3): 
δ 1.27 (t, 9 H, CH3); 2.88 (s, 4 H, NCH2CH2N); 3.50-3.59 (m, 8 H, CH2); 4.17 (m, 6 H, 
CH2 from protecting groups); 10.1 (br, s, 1 H). 13C-NMR (100 MHz, CDCl3): δ 14.2; 
52.0; 52.5; 55.1; 56.1; 57.2; 61.3; 170.7; 173.2 
 
(iii) N-(10-Bromodecyl)-phthalimide 
O
O
N
Br
 
Preparation followed modified published procedures249, 250.  A sample of 10 g (33.3 
mmol) of 1,10-dibromodecane was dissolved in 40 mL of acetone. The solution was 
heated to reflux and then a sample of 3.43 g (18.5 mmol) of  potassium phthalimide was 
added in one portion. The solution was stirred and heated at reflux for 24 h. Potassium 
bromide was filtered off and washed with several portions of hot acetone. The combined 
acetone solutions were evaporated to dryness and the expected compound was separated 
from the excess dibromide by adding 40 mL of hexane and allowing the product to 
precipitate at room temperature. 4.95 g of a white solid was obtained. Yield: 73.5 %. 
m.p.: 56-58 °C (ref249: 57-59°C). 1H-NMR (400 MHz, CDCl3): δ1.34- 1.45 (m, 14 H); 
1.67 (m, 2 H); 1.86 (m, 2 H); 2.06 (m, 2 H); 3.50 (t, 2 H, CH2Br); 3.65 (t, 2 H, N-CH2); 
7.85 (s, 4 H). 13C-NMR (100 MHz, CDCl3): δ 27.9-38.8 (10 C); 124.0; 133.5; 135.3; 
169.2. 
 
(iv) 10-Bromodecan-1- amine hydrobromide 
NH2Br
BrH
 
Preparation was done according to a published procedure249.   A sample of 4.85 g (13.2 
mmol) of N-(10-Bromodecyl)-phthalimide was heated to reflux in a solution of 9 mL of 
48% HBr and 30 mL of acetic acid for 48 h. The hot solution was diluted with 100 mL of 
water and cooled causing the separation of phthalic acid, which was filtered off. The 
filtrate was evaporated to dryness under reduced pressure and the residue was treated 
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three times with water, each time the solution was taken to dryness. A sample of 0.48 g of 
an orange-like solid was obtained. Yield: 15%. 1H-NMR (400 MHz, CDCl3): δ 1.28-1.40 
(m, 14 H); 1.83 (m, 4 H); 3.06 (b, 2 H, CH2NH2); 3.42 (t, 2 H, CH2Br) 
 
(v) Triethyl ester ethylenediamine decanebromide 
O
N
O
O
N
O
OO
O
N
H
Br
 
Preparation followed a modified published procedure235. A sample of 0.63 g (2 mmol) of 
10-bromodecan-1-amine hydrobromide was dissolved in DMF along with 0.64 g (1.7 
mmol) of triethyl ester ethylenediamine carboxylic acid. 2 equivalents of HATU and 2.5 
equivalents of DIPEA were added and the solution was stirred at room temperature for 24 
hours. The solvent was removed and the residue was dissolved in dichloromethane. The 
CH2Cl2 solution was filtered and washed 2x with 4% sodium carbonate and 2x with 4% 
sodium bisulfate solutions. The organic solution was dried with anhydrous sodium sulfate 
and the solvent was evaporated to yield 0.85 g of an orange liquid. Yield: ~80%. The H-
NMR spectrum does not show a completely clean product. The product was used without 
further purification for the next reaction. 
 
(vi) Ethylenediamine (triacetic acid)-decanethiol  
HO
N
OH
O
N
OOH
O
O
NH
SH  
A sample of 0.85 g (1.4 mmol) of triethyl ester ethylenediamine decanebromide was 
dissolved in ethanol. Potassium thioacetate (0.16 g, 1.4 mmol) was added. The solution 
was refluxed for 24. The solvent was removed and the residue was dissolved in 
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chloroform. The insoluble compound in chloroform was used for the final deprotection 
step by suspending it in ethanol and adding 4 equivalents of potassium hydroxide. The 
solution was refluxed for 2 hours and the final product was isolated by treating the 
solution with HCl and then extracting with ethyl acetate. Yield: 10%. 1H-NMR (400 
MHz, CDCl3): δ 1.23-1.51 (m, 16 H); 1.95 (m, 4 H); 2.68 (m, 4 H); 3.63 (t, 6 H); 4.16 (t, 
2 H)  
 
 
Preparation of 4-[10-(trichlorosilyl)decyloxy]pyridine-2,6-dicarboxylic acid 
 
(i) Diethyl 4-(dec-9-enyloxy)pyridine-2,6-dicarboxylate  
O
N
O O
O
O
 
A 0.5 g (2.1 mmol) sample of diethyl 4-hydroxypyridine 2,6-dicarboxylate was dissolved 
in 40 mL of acetone along with 0.6 mL (0.65 g, 3 mmol) of 1-bromo-10-decene and 0.58 
g (4.2 mmol) of potassium carbonate. The solution was heated to reflux for 20 h. The 
solvent was removed with the rotavaporator and the residue was dissolved in 
dichloromethane. Potassium carbonate was removed by filtration and the solvent was 
removed with rotavap. The oily residue was purified by column chromatography with 
hexane-ethyl acetate (1:1). A white solid was obtained. Yield: 23% Rf: 0.625 (hexane-
ethyl acetate 1:1); 0.83 (hexane-ethyl acetate 1:2). H-NMR (CDCl3):  1.25-1.48 (m, 16 H, 
CH2, CH3); 1.82 (m, 2H, CH2); 2.06 (m, 2H, CH2); 4.15 (m, 2H, CH2); 4.47 (m, 4H, O-
CH2); 4.95 (m, 2H, =CH2); 5.82 (m, 1H, =CH), 7.78 (s, 2H, Ar-H). 13C-NMR (CDCl3): 
14.6 (CH3); 26.2, 29.1, 29.3, 29.4, 29.6, 29.7, 34.2 (CH2); 62.8, 69.5 (O-CH2); 114.6 
(=CH2), 115.0 (Ar-C), 139.5 (=CH), 150.5, 165.6, 165.7 (Ar-C, C=O) 
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(ii) 4-(dec-9-enyloxy)pyridine-2,6-dicarboxylic acid  
O
N
HO O
HO
O  
A 0.45 g (1.2 mmol) sample of diethyl 4-(dec-9-enyloxy)pyridine-2,6-dicarboxylate was 
dissolved in 30 mL of ethanol. Potassium hydroxide (0.16 g, 3 mmol) was added. The 
solution was heated at reflux for 3 hours. The solvent was removed and 20 mL of water 
was added to the residue. The aqueous solution was acidified to pH 3.5 with 6 N HCl. 
The solution was extracted with dichloromethane. The organic phase was dried with 
sodium sulfate and the solvent was removed to afford a white powder. Yield: 66%. mp: 
148-150 °C. H-NMR (CDCl3): 1.33-1.48 (m, 12 H, CH2); 1.85 (m, 2H, CH2); 2.06 (m, 
2H, CH2); 4.21 (t, 2H, CH2); 4.95 (m, 2H, =CH2); 5.82 (m, 1H, =CH), 7.92 (s, 2H, Ar-H). 
13C-NMR (CDCl3): 25.7, 28.6, 28.8, 29.0, 29.2, 29.3, 33.8 (CH2); 70.2 (O-CH2); 114.2 
(=CH2), 114.5 (Ar-C), 139.1 (=CH), 147.1, 163.7 (Ar-C, C=O). ES-MS: (M+H)+ at 322.1 
(calc. 322.18) 
 
(iii) 4-[10-(trichlorosilyl)decyloxy]pyridine-2,6-dicarboxylic acid  
SiCl3O
N
HO O
HO
O  
A 0.1 g (0.3 mmol) sample of 4-(dec-9-enyloxy)pyridine-2,6-dicarboxylic acid was 
transferred into a round bottom flask under nitrogen. Trichlorosilane (3 mL) and 2 drops 
of a ~0.014 mM solution of H2PtCl6 in 2-propanol were added. The solution was stirred 
and refluxed for 5 hours. The solvent was removed to afford a white-transparent solid. 
Yield: 50-65%. The H-NMR spectrum shows a decrease in olefinic bond signals from the 
starting material. Trichlorosilane compounds are difficult to purify and characterize. The 
compound was used as a crude mixture based on the known fact that crude 
alkyltrichlorosilanes can be used for monolayer preparation since the other major 
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component of the mixture, the unreacted starting material, does not adsorb to silica 
surfaces. 
 
Preparation of 5-(10-(trichlorosilyl)decyloxy) isophthalic acid 
SiCl3O
HO O
HO
O  
A sample of 0.35 g (mmol) of 5-(dec-9-enyloxy)isophthalic acid was added to 5 mL of 
HSiCl3 and the solution was stirred, under nitrogen, at room temperature overnight. The 
excess of HSiCl3 was removed by evaporation and the obtained residue was used without 
further purification. 
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III.5  Sensors 
 
III.5.1 Background 
 
Self-assembled monolayers have been used for the development of sensors capable of 
selectively determine the presence of ions in solution. Electrochemical techniques have 
been widely employed to characterize these surface-bound sensors. For example Deng251 
et al. have prepared multilayer of thionine covalently tethered to an enzyme, horseradish 
peroxidase, for the preparation of an enzyme biosensor tested by electron-transfer (CV). 
CV and IS techniques allows the detection of binding of charged guest to SAMs by 
measuring changes in conductivity (CV), or changes in capacitance or monolayer 
resistance as a function of ion complexation131, 252, 253. Reinhoudt and co-workers15, 117, 118, 
189 have prepared SAMs of alkanethiols bearing crown-ethers that can complex non-
electrochemically active ions such as Na(I) and K(I), or metallosalophenes that complex 
transition metal ions (e.g. Ni(II), Cu(II) and Co(II)), and have studied the binding process 
with CV and impedance techniques. Other groups have studied the cation or anion 
recognition properties of other molecules adsorbed on gold, such as helical peptides 
having a crown ether unit254, crown ethers bonded to tetrathiafulvalene disulfides255, 256, 
thioctic ester derivatives of cyclotriveratrylene (a tris(amide) receptor for monovalent 
anions such as Cl-, Br-, NO3- and HSO4-)257, alkanethiols modified with nitrilotriacetic 
acid for the detection of Cu(II) and Ni(II)252, and layered polyelectrolyte films as sensor 
or ion-separation materials258. 
 
Previous work from our laboratory focused on the design, synthesis, and testing of highly 
selective new sensors for blood analytes. The selectivity of these new sensors was studied 
by different techniques, such as incorporation of the compound in an ion-selective 
electrode, fluorescence measurements, and 13C-NMR spectroscopy. This work led to the 
successful fabrication of an ammonium ionophore based on a cyclic depsipeptide 
structure259, a potassium fluoroionophore consisting of a 9-anthryl-substituted azacrown 
ether covalently linked to a 1,3-alternate calyx[4]arene260, a lithium fluoroionophore 
based on a N-(9-methylanthracene) moiety linked to a butylcalix[4]arene-azacrown261, 
and a sodium ion sensor based on a covalently linked aminorhodamine calyx[4]arene262. 
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The results shown in this Chapter correspond to the study of a self-assembled monolayer 
on gold of a new sensor for Li+ ions based on a bicyclic structure as shown in Figure 
III.62.  
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Figure III.62: Structure of the sensor on a gold surface. 
 
 
III.5.2 Results and Discussion 
 
The importance of developing new sensors for lithium ions lies in the necessity to 
selectively detect lithium in blood over sodium and potassium that are present at 
significantly higher concentrations in blood. Monitoring of lithium ions in blood is 
necessary in the case of patients who are treated with lithium salts, such as lithium 
carbonate, for manic depressive and hyperthyroidism illness. The compound shown in 
Figure III.62 consists of a 4, 7, 13, 16-tetraoxa-1,10,21-triaza-bicyclo[8.8.5]tricosane-
19,23-dione attached to a hexadecanethiol chain. Molecular modeling of the bicyclic 
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structure showed that it provides a rigid framework and size fit for a lithium ion. A 
hexadecanethiol molecule was used to form a relatively ordered self-assembled 
monolayer on gold, with the bicyclic moieties exposed on the surface. Preliminary 
experiments were done with a similar compound shown in Figure III.62, but using a 
decanethiol linker to the surface. This first molecule did not provide well-formed SAM 
and the results obtained did not reveal any selective detection of ions. A longer alkyl 
chain (C16) was then selected to introduce order and better packing of the film, although 
extremely ordered monolayers were not expected even with a C16 chain due to the size of 
the bulky bicyclic moiety.  
 
Formation of a monolayer on gold was monitored by cyclic voltammetry, contact angle, 
ellipsometry and FT-IR. Cyclic voltammetry in the presence of ferricyanide shows the 
formation of a relatively good blocking film. Contact angle showed the formation of a 
hydrophobic layer, and ellipsometry demonstrate the formation of a single layer on the 
surface. The best evidence of deposition of compound I on gold comes from grazing 
angle FT-IR results, with an absorption peak at 1400 cm-1 corresponding to the carbonyl 
group of the amide bond between the bicyclic structure and the alkyl chain.  
 
Sensor study 
The analysis of this new sensor on SAMs was done following previously reported 
procedures15, 117, 118, 254. Cyclic voltammetry in the presence of potassium ferricyanide and 
potassium chloride showed the formation of a good insulating SAM to the ferricyanide 
redox probe. In addition, this experiment shows the lack of complexation of potassium 
ions. It was previously described (Chapter III.1) the effect that charged ions on a SAM 
induce in the blocking effect to different redox species. A positively charged SAM, i.e. 
one with complexed potassium or other ions on the surface, does not block the redox 
process of a negatively charged species in solution like ferricyanide because of 
electrostatic attraction between the SAM and the species in solution. The charged SAM 
acts as an ion-gate for the diffusion of electrolyte through the monolayer.  
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Cyclic voltammetry was used extensively to determine the selectivity of the sensor using 
another redox probe, hexaammine ruthenium (III) chloride. This was selected based on 
previous CV studies of sensors that demonstrate that SAMs do not block the redox 
process of Ru(III), but a SAM with a layer of positive ions complexed with the sensor 
moiety of the monolayer effectively block the redox process of Ru(III)15, 117, 118, 189. The 
presence of positively charged ions on the surface leads to blocking of the redox process 
because of electrostatic repulsion between the positively charged SAM and the also 
positively ruthenium species.  
 
Figure III.63 shows the CV results obtained with hexaammine ruthenium (III) chloride. 
The experiments were initially carried out with an aqueous solution of 1 mM 
Ru(NH3)6Cl3 and 0.1 M tetrabutyl ammonium bromide. SAMs of I do not block the redox 
process with this solution. Titration experiments were subsequently obtained by adding 
aliquots of a solution containing 1 mM Ru(NH3)6Cl3 and 0.1 M of a metal chloride or 
bromide. This allows to carry out the experiments with a constant concentration of the 
redox species and a total 0.1 M concentration of supporting electrolyte, thus eliminating 
ionic strength effects. The CVs did not change with the addition of potassium, sodium or 
ammonium salts. Figure III.63 shows the CV after addition of 25 mM LiCl. At this or 
higher concentration values the monolayer becomes insulating to the redox process of 
Ru(NH3)6Cl3. Several experiments were done to try attaining more quantitative results 
that would result in a graph of redox current peak as a function of ion concentration, 
however the insulating/conducting effect in the presence of Li+ ions did not occur as a 
gradual decrease in conductivity but rather a one-step change in conductivity at a specific 
concentration value (25 mM), probably the concentration value at which saturation of Li+ 
ions on the SAM occurs. The unsuccessful CV results could also be related to diffusion 
of electrolyte through defects on the SAM. A more quantitative analysis was done using 
impedance techniques to show the ability of the SAM to bind Li+ ions selectively.  
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Figure III.63: CV in the presence of Ru(NH3)6Cl3 showing the ion-gate closing effect 
upon complexation of Li+ by the sensor 
 
Impedance results 
Impedance spectroscopy studies were carried out with in the presence and absence of 
Ru(NH3)6Cl3 in solution. In both cases, the total concentration of supporting electrolyte 
was 0.1 M starting with 0.1 M tetrabutyl ammonium bromide and subsequently adjusted 
by titrating with solutions containing the ions of interest (K+, Li+, NH4+ and Na+). 
Experiments with ruthenium hexaamine chloride were obtained at the redox potential of 
the ruthenium compound (-0.18 V vs Ag/AgCl). Figure III.64 shows examples of Nyquist 
plots (frequency range from 10 kHz to 0.1 Hz) obtained from these experiments. In the 
absence of lithium or other analytes, the SAM shows a Nyquist plot with low monolayer 
resistance due to the poor blocking behavior of the SAM to the ruthenium compound. It 
is expected that the monolayer resistance would increase with complexation of ions from 
solution, as a result of a more blocking film. A plot of monolayer resistance as a function 
of ion concentration would provide information to calculate the selectivity of the sensor 
for Li+ over K+ or Na+ ions. Ideally, a perfect Nyquist plots from these experiments 
should give a semicircle that fits an equivalent Randles circuit, with RSAM and Rsolution 
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easily identified by determining the    x-axis intercepts of the semicircle.  Addition of 
LiCl or other salts did not yield the expected Nyquist plots. The changes in capacitance as 
a function of ion concentration do not follow a trend. The main disadvantage of this 
method is the apparent diffusion of ruthenium through the monolayer, despite the 
complexation of Li+ ions. This diffusion process is reflected in the Nyquist plots shown 
in Figure III.64, and is probably the result of permeation of the redox species through 
defects in the monolayer (these defects are probably the result of poorly packed films as 
consequence of the bulky headgroups on top of the hexadecanethiol SAM).  Mixed 
monolayers were prepared in which the original sensor SAM was transferred to a solution 
of dodecanethiol to backfill defects in the film. Impedance analysis of these films showed 
a higher increase in resistance upon addition of different ions. The initial monolayer 
resistance was calculated to be 2 kΩ. This value did not change upon addition of NH4Cl, 
and it increased to 10 kΩ in the presence of KCl, 50 kΩ with sodium, and >200 kΩ with 
lithium. The Nyquist plots still show a significant diffusion process taking place at low 
frequencies, which made the analysis difficult since some of the experiments from the 
different titration curves did not yield reliable resistance values. 
 
In conclusion, although analysis of the sensor in the presence of Ru(III) seems to indicate 
a moderate selectivity for Li+ complexation, both IS and CV also indicate that diffusion 
of the electrolytes in solution limits the applicability of these electrochemical techniques 
to obtain quantitative results. 
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Figure III.64: Nyquist plots obtained with a 1 mM Ru(NH3)6Cl3 solution at two different 
concentration values of LiCl. 
 
Experiments in the absence of a redox active species were obtained at -0.4 V vs Ag/AgCl. 
At this potential, the experimental Nyquist plots can be modeled using a Randles circuit.  
The circuit consists of a solution resistance, a monolayer resistance and capacitance, and 
a Warburg impedance to account for diffusion processes at low frequencies. The effect of 
ion-complexation should result in changes in the monolayer capacitance, similar to 
changes in capacitance observed for multilayered films containing metal ions previously 
discussed. Figure III.65 illustrates Nyquist plots obtained at two different concentrations 
of Li+ ions. From these Nyquist plots it was possible to obtain capacitance values for the 
monolayer that are related to ion concentration in solution. Figure III.66 shows a plot of 
capacitance changes vs ion concentration. The results show that the SAMs do not 
complex ammonium ions. NH4+ complexation was studied to provide evidence that the 
supporting electrolyte (tetrabutyl ammonium bromide or tetraethyl ammonium chloride) 
were not interfering in the impedance measurements. Figure III.66 demonstrates that 
SAMs of this sensor molecule have moderate selectivity for Li ions over potassium and 
sodium ions, with log KLi+,Na+ ~ -1.30 and log KLi+,K+ ~ -0.92.  Selectivity was calculated 
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by a method used in ion selective electrode applications263, 264. Figure III.67 shows a 
hypothetical plot of capacitance as a function of ion concentration for both primary (Li+) 
and interfering ions (Na+ or K+). Selectivity is represented as a logarithmic value and is 
calculated using equation 17. 
log Ki, j =  log ([i]/[j])  (17) 
Here, [j] is the concentration of the interfering ion in the plateau region of the plot, where 
the concentration of the interfering ion provides the maximum capacitance response. The 
concentration of the primary ion, [i], is the concentration that gives the same response as 
the maximum capacitance produce by the interfering ion, representing a minimum 
unambiguous detection limit for the primary ion.  
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Figure III.65: Nyquist plots obtained at -0.4 V vs Ag with a supporting electrolyte 
solution of (1) 0 mM LiCl and 0.1 M tetrabutyl ammonium bromide and (2) 15 mM LiCl 
and 0.085 M tetrabutyl ammonium bromide. 
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Figure III.66: Capacitance as a function of ion concentration for different ions. The 
results show moderate selectivity for Li detection compared to other ions. 
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Figure III.67: Hypothetical plot of capacitance as a function of ion concentration for 
primary (i) and interfering (j) ions. 
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III.5.3 Conclusions 
  
Monolayers of hexadecanethiol coupled to a bicyclic molecule with the ability to 
selectively complex Li+ ions were fabricated. The ability of these monolayers to function 
as sensors was shown by cyclic voltammetry and impedance spectroscopy techniques. 
The main limitations of these electrochemical experiments are (1) the long experimental 
time required for IS data acquisition which limits the use of this technique for device 
applications and (2) the diffusion of Ru(NH3)6Cl3 through the film, a process that made 
difficult IS data interpretation. Impedance experiments in the absence of a redox probe 
(i.e. only supporting electrolyte) provided with reproducible data that shows a change in 
monolayer capacitance upon ion complexation. The compound showed moderate 
selectivity for complexation of Li+ ions over other ions, with log KLi+,Na+ ~ -1.30 and log 
KLi+,K+ ~ -0.92. 
 
 
III.5.4 Future work 
 
The use of impedance spectroscopy for the analysis of sensors on SAMs has the 
disadvantage of being a time-consuming experimental technique. From the point of view 
of a practical, commercial sensor based on SAMs it seems unlikely that IS will be 
successfully applied. We are currently investigating other potentiometric/cyclic 
voltammetry experiment that could provide reproducible results in a short time. The idea 
is based on the fact that several sensors were tested before as part of ion-selective 
electrodes. If the SAM of the sensor behaves as a membrane, then it should be possible to 
obtain Nerstian responses from potentiometric methods as a function of ion 
concentration. In order to attain reproducible and reliable results the parameters under 
consideration are: fabrication of SAMs on analytical electrodes to provide a constant 
geometric area of similar size to the active area of ISEs, preparation of well-packed 
ordered films on those electrode which will be studied by preparing mixed monolayers 
with an “inert” thiol to fill defects on the surface after deposition of the sensor molecule. 
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III.5.5 Experimental 
 
SAMs of the target molecule were prepared from 1-3 mM solutions in ethanol after a 48 
hour deposition time. The SAMs were rinsed with ethanol and dried with a stream of 
nitrogen before use. Characterization of the SAMs by ellipsometry, contact angle, cyclic 
voltammetry and grazing angle FT-IR was done following the procedures outlined before 
(Chapter II). 
 
Electrochemical measurements were performed in a three-electrode cell with the SAM as 
working electrode, a Ag wire as reference electrode, and a Pt wire as counter electrode. A 
geometric area of 1 cm2 was always exposed to solution. The electrolyte solution was 
bubbled with nitrogen at least 5 minutes before data acquisition. During the 
measurements, a constant flow of nitrogen was maintained. Titration of the electrolyte 
was done with solutions of 1 mM Ru(NH3)6Cl3 and [XCl] + [Bu4NBr] = 0.1 M to ensure 
a constant concentration of the background electrolyte and the redox couple (X = NH4+, 
K+, Li+ or Na+). The cyclic voltammograms were recorded with a scan rate of 50 mV/s     
between -0.4 and +0.2 V vs Ag (starting at +0.2 V). Impedance spectroscopy experiments 
were taken at the formal redox potential of Ru(NH3)62+/3+ (-0.18 V vs Ag, determined 
from CV), in a frequency range of 10 KHz to 0.1 Hz, with an ac amplitude of 5 mV. The 
IS data was fitted to an equivalent circuit using LEVML software. IS experiments in the 
absence of Ru(III) were obtained using a similar procedure, at an applied dc voltage of 
−0.4 vs Ag. 
  
Synthesis: The compound used for the preparation of films shown in Figure III.62 was 
synthesized in our laboratory by Nantanit Wananichacheva. 
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III.6 Conducting Probe Atomic Force Microscopy (cp-AFM) 
 
III.6.1 Background 
 
Scanning probe microscope (SPM) techniques have been extensively used in the study of 
SAMs153, 265-273. Atomic force microscope (AFM) images can reveal interesting 
topographic features of monolayers on different surfaces, or allow determination of 
parameters such as elastic modulus of single peptides molecules based on an AFM force 
modulation technique271. Lateral force images can show contrast effects of mixed 
monolayer films and SAMs prepared by techniques such as microcontact printing and 
light-induced patterning where the SAM is selectively modified by the use of 
photomasks.266, 274 
 
An interesting use of SPM techniques is to study the metal-SAM-metal interactions with 
one metal junction corresponding to the SPM tip and the other one to the surface 
(typically gold) on which the SAM is deposited. This can be achieved with scanning 
tunneling microscope (STM), or with a special application of AFM, called conducting 
probe AFM or cp-AFM. It consists on building metal-molecule (conducting or 
insulating)-metal junctions and study the characteristic current vs voltage, I(V), curve 
response of the junction which resembles the electronic properties of the monolayer or 
multilayer.  
 
In cp-AFM, a metal coated AFM tip is placed in direct contact, under controlled load, 
with the material. Frisbie269, 272, 273 have used this technique to study the current vs 
voltage curve characteristics of junctions as a function of the number of methylenes in the 
alkane chains of different monolayers and the load applied to the tip-sample contact. It 
has been found that the resistance of these junctions increases exponentially with 
monolayer thickness, as expected for tunneling through a dielectric film, proving that it is 
possible to reproducibly probe the electrical properties of the junctions as a function of 
molecular length272, 273. 
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Tour et al.275 have used a conducting probe technique to characterize the I(V) and 
negative differential resistance (NDR) properties of a large variety of conjugated organic 
molecules that seem promising for the fabrication of molecular scale conducting devices. 
Their results have provided information regarding the relation between the conductance 
of the molecule and its electronic structure, interfacial electron transfer processes based 
on shear force-based SPM combined with current-voltage and current-distance 
measurements.276 
 
Alamarguy277 used cp-AFM to investigate simultaneously the mechanical and electrical 
interactions between diamond tips and evaporated gold surfaces covered with SAMs of 
alkanethiolates. The characteristics of these SAMs were probed as a function of the alkyl-
chain length. The mechanical contact and the electrical contact do not occur 
simultaneously when the surface is covered by an organic layer. A very simple model is 
proposed to roughly determine the layer thickness from the experimental curves obtained 
with cp-AFM. Other effects such as the gradual damaging of the SAM at the location of 
the contact, and the accumulation of non-bound molecules over the remaining still bound 
layer were observed.  
 
We have used cp-AFM to study the I(V) curve characteristics of our multilayered films 
and to determine the effect of the capping layer. The results show I(V) curves with 
similar behavior as the alternating conducting/insulating results from electrochemical 
experiments.  
 
III.6.2 Results and Discussion  
 
The cp-AFM work has been done in collaboration with Professor Mark Tuominen and 
Kevin McCarthy from the Physics Department, University of Massachusetts at Amherst. 
 
Multilayers containing dicarboxypyridine as ligand and Cu(II) ions were used for 
measurement of I(V) curves with cp-AFM. The SAM-Cu film was capped with either a 
dicarboxypyridine attached to a pyrene molecule or a tetracarboxy-bipyridine molecule. 
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The films were prepared on flame-annealed gold substrates to provide the best atomically 
flat surface as possible. Characterization of the films previous to cp-AFM was achieved 
by contact angle and thickness measurements. The results are in close agreement to the 
values obtained for the same type of films on other gold substrates. Additionally, samples 
were prepared under the same experimental conditions on different gold slides (EMF 
slides), and formation of the films was monitored on these other films using cyclic 
voltammetry (flame annealed gold slides were not suitable for CV analysis because their 
small area (0.5 x 0.9 cm) and poor mechanical stability). 
 
Conductive probe-AFM analysis gave I(V) curves as shown in Figure III.68. Both the 
gold surface and the SAM-Cu film show similar instabilities that lead to enhanced 
conduction from the AFM tip to the substrate. Films containing only a monolayer of 
dicarboxypyridine-decanethiol do not show this conducting behavior. The results are thus 
analogous to the observed conducting/insulating behavior observed from cyclic 
voltammetry. However, it cannot be assumed that the physical process taking place is 
similar. In the electrochemical experiments it was shown that the “leaky” characteristics 
of the films allowed for permeation of the electrolyte in solution yielding different 
conductive behavior for films capped with organic layers and films capped with metal ion 
layers. In the cp-AFM experiments there is no electrolyte and the conductivity is 
completely related to the interaction of the AFM tip and the gold surface. According to 
cp-AFM, the monolayers are good insulators as they completely switch off the 
conductivity between tip and substrate.  This is analogous to insulating behavior of 
alkanethiol monolayers observed by Frisbie and other systems where internal rotations or 
rearrangements on the surface are not possible, and then the measured conductivity 
occurs by electron tunneling via localized states.  
 
The switching behavior observed for films of SAM-Cu are similar to reported switching 
process reported for monolayers sandwiched between two different metal electrodes. The 
experimental results for SAM-Cu show a slightly higher conductivity than expected for a 
single layer of Cu(II) ions assembled on the surface. Similar on/off switching behavior 
has been observed for other electrode-monolayer-electrode systems, with unexpected 
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large on/off ratios270. The mechanism for this switching behavior is a controversial issue; 
and several hypotheses have been proposed including molecular conformational 
changes268, 278, bond fluctuation between the molecules and the electrical contacts279, 
electrical charge transfer280, 281, and nanoscale filament growth/dissolution through the 
molecular layer270. 
 
Given the structure of our films, it seems that reasonable explanations for the conductive 
behavior observed for SAM-Cu is due to molecular conformational changes and/or 
electrical charge transfer. The first suggestion, molecular conformational changes is 
related to the possibility of rearrangement of the headgroups occurring by tilting 
fluctuations that leads to opening of the junction between the monolayer and the 
conducting AFM tip. The second hypothesis is that reduction of the Cu(II) ions on the 
surface produces the conductive behavior. This is likely to occur since the switching 
conductive behavior occurs at applied potentials near the reduction value of Cu(II)/Cu(I) 
measured from electrochemical experiments.   
 
The results shown here are preliminary data. Current work is focused on acquisition of 
experimental data to support the hypothesis proposed for the conductive behavior of the 
films. Specifically, we need to obtain reliable data from I(V) curves of films similar to 
those shown in the chapter III.2. It would be interesting to show that the switching 
behavior occurs for films with more than three layers, which would make these films a 
reliable system for fabrication of molecular switches that are currently of significant 
interest because of their potential application in devices such as configurable logic gates 
and nanoscale memory devices. 
 
I(V) measurements of films with metals other than Cu(II) are required to prove if the 
conducting behavior of the SAM-metal films is produced by the redox process of the 
metal centers.  
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Figure III.68: I(V) curves obtained with cp-AFM for: Au tip/Au substrate (top); Au 
tip/SAM/Au substrate (middle); and Au tip/SAM-Cu/Au substrate (bottom) 
 
 
III.6.3 Conclusions 
 
cp-AFM shows that monolayers of dicarboxypyridine-decanethiol and films capped with 
Cu(II) have similar conducting/insulating behavior as observed by cyclic voltammetry. 
The monolayers act as insulators between the gold substrate and the AFM gold tip in an 
applied potential window of -0.4 to +0.4 V. The measured conductivity for this metal-
molecule-metal junction is likely to occur by electron tunneling. 
 243
Monolayers capped with Cu(II) show switching behavior similar to bare gold substrates. 
The origin of this switching behavior is not completely understood and it can only be 
proposed that takes place by either conformational changes of the SAM structure or 
charge transfer from reduction/oxidation process of Cu(II) on the surface. 
 
 
III.6.4 Future work 
 
Conductive probe AFM experiments with multilayered films with more than three layers 
to observe how well is the alternating/conducting behavior maintained after deposition of 
several layers, and also analysis of mixed monolayers that will help in the 
characterization of I(V) properties of the films by localizing metal clusters or isolated 
metal atoms complexed on the surface.  
 
Simultaneous characterization by impedance and cp-AFM techniques is another 
possibility to study the electronic properties of the films and the mechanism of the 
observed switching behavior. Acquisition of Nyquist plots on localized spots on the 
surface using a conducting AFM tip could provide interesting comparisons between the 
process observed from “macroscopic” impedance measurements in solution and localized 
measurements, and also to distinguish between different conductive areas on the surface 
at a nanoscale lever. A similar study of films of polymeric materials showed consistency 
in the conductivity of the films measured by scanning probe ac impedance spectroscopy 
and with the bulk polymer film impedance measurements, thus showing that a 
combination of AFM-impedance measurements is a useful technique for impedance 
measurements at the nanoscale282. 
 
 
III.6.5 Experimental 
 
Flame annealed gold substrates (0.5 x 0.9 cm) were used to prepare the samples. The 
procedure for preparation of these slides and formation of multilayers was described 
before (section II.2.1). Conductive probe-AFM experiments were performed using a 
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Dimension 3100 AFM with Nanoscope IV controller (Veeco Inc., Santa Barbara, CA). 
Conductivity was measured using an Ithaco 1211 current amplifier, a battery supplied 
voltage ramp with variable sweep rates (designed and built by Professor Mark T. 
Tuominen), and a PAR 113 voltage amplifier. Connections from the electronics to the 
AFM tip were made through available lines in the AFM circuitry via the SAMIII Signal 
Access Module (Veeco Inc). All measurements were made in contact mode with gold 
coated silicon nitride AFM tips (part # NPG-20, Veeco Inc.) with force constants on the 
order of 0.1 N/m, and a nominal radius of curvature at the tip of 60 nm. I(V) curves were 
taken with a 100 Mohm resistor in series, with bias voltage of ~ 100 mV. Measurements 
results, while not quantitatively interpretable in terms of chemical structure, do show 
qualitatively different behavior for plain gold and SAM covered gold samples. 
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IV. PRELIMINARY WORK 
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IV.1 Fluorescence Measurements on Surfaces 
 
 
Fluorescence spectroscopy measurements have been carried out with different surfaces 
functionalized with pyrene and porphyrin groups. The objectives of using fluorescence 
measurements with the multilayered films described in previous chapters are: 
1. To characterize multilayered films employed for photocurrent generating surfaces  
(Chapter III.3). Absorption and fluorescence measurements of these surfaces would allow 
determination of extinction coefficients and chromophore surface coverage, thus 
providing with more reliable data to estimate photocurrent generation efficiencies. 
2. To characterize multilayered films with layer(s) of lanthanide ions. Fluorescence 
spectroscopy has been extensively used for the characterization of bulk lanthanide ion 
complexes227, 283-285. The luminescence spectra of complexes of Tb(III) and Eu(III) with 
dipicolinic acid derivatives has shown that energy transfer from aromatic ligands to 
bound lanthanide ions enhance luminescence. Excitation at 268 nm results in three 
emission bands from the Tb(III) complex (~ 480, 540, 600 nm)284.  
 
Fluorescence spectroscopy measurements have been obtained from multilayered films 
assembled on quartz and gold surfaces. Measurements were originally obtained for 
multilayered films on quartz surfaces to avoid the problem of fluorescence quenching that 
occurs for compounds adsorbed on a gold surface. However, fluorescence measurements 
of films assembled on gold surfaces are necessary to accomplish the objectives described 
above. It is possible to obtain fluorescence measurements of SAMs on gold by 
controlling the alignment of the sample with respect to the light source and detector, and 
the intensity of the light source.  
 
Fluorescence spectroscopy was used to characterize multilayers with pyrene and 
porphyrin groups, such as those described in Chapter III.3, on both quartz and gold 
surfaces as shown in Figure III.1. Current work is focused on optimizing measurements 
of SAMs on gold, particularly for samples containing lanthanide ions.  
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Figure IV.1: Fluorescence results for (A) a multilayer with pyrene (SAM-Cu(II)-Pyrene, 
SAM: dicarboxypyridine decanetrichlorosilane) assembled on quartz, (B) a multilayer 
with porphyrin (SAM-Cu(II)-Porphyrin, SAM: dicarboxpyridine-decanethiol) assembled 
on gold. 
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IV.2 Biological Interactions 
 
 
There is the possibility of using chemically modified surfaces to study interactions of 
specific types of biological materials with the surface. We have used several of the 
monolayers on gold presented in previous chapters as new model substrates for the study 
of biological interactions. Two different types of studies have been undertaken. First, the 
study of cell adhesion of keratinocytes on surfaces. Second, the study of microbial 
adhesion to surfaces, based on the observed interaction between a microbe immobilized 
on AFM probes and a self-assembled monolayer.  
 
IV.2.1 Study of the effect of SAMs in serum protein binding and direct cell attachment  
 
This work has been done in collaboration with Professor George Pins, Brett Downing and 
Katie Bush from the Biomaterials/Tissue Engineering laboratory, Department of 
Biomedical Engineering at WPI. 
 
a. Background 
 It is known that cells absorb to many surfaces and undergo denaturation19. The study of 
protein and cell-adsorption on surfaces from solid-liquid interfaces has not yet provided a 
complete molecular level understanding of this process. Because of the limitations of cell 
adsorption and denaturation, it is desirable to provide model substrates to study the 
mechanism of cell adsorption. Model substrates for these type of studies should: (1) 
present a homogeneous environment at the interface (2) the nature and concentration of 
the ligands on the surface can be controlled (3) the substrate must resist the non-specific 
adsorption of protein (4) substrate should be compatible with the conditions of attached 
cell culture and methods for the characterization of cells and (5) methods should be 
available that can pattern immobilization of ligands in selected regions or in gradients. 
SAMs have been proposed and used as model substrates for cell adhesion because they 
offer many of the requirements listed above, especially the fact that SAMs are 
structurally well-defined and allow flexibility in attaching and patterning of ligands19.    
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Monolayers of alkanethiols terminated in short oligomers of ethylene glycol are highly 
effective at resisting the adsorption of protein286, and can be used as a control surface in 
the characterization of other substrates, and also in patterned SAMs with other ligands 
allowing for specific cell interactions to be studied287.  An advantage of using SAMs is 
that offers the possibility of studying specific cell-surface receptors interactions by 
providing only a single ligand (or a small group of ligands) on the surface288. SAMs can 
also be used as dynamic substrates to allow the activity of immobilized ligands to be 
modulated in real time. Dynamic substrates have been proposed by activating the 
substrate for immobilization of the ligand from solution and turning it off by releasing it 
from the substrate. For example, the use of Diels-Alder reaction on a substituted 
cyclopentadiene with benzoquinone attached to a SAM to covalently immobilize ligands 
on a surface, and the design of redox active groups that can selectively release attached 
ligands from a monolayer such as the electrochemical release of catechol orthoformate 
group.289  
 
SAMs have also been prepared with other methods, such as microcontact printing for 
patterning of cells290 291, photopatterning to provide DNA microarrays292, and the use of 
molecular gradients of SAMs of ω-substituted alkanethiols for molecular recognition and 
biosensing.293, 294 
 
Cell adhesion is the most characteristic phenomena observed in SAMs. Upon cell 
adhesion on a surface, it is essential to control viability and localization. The importance 
of studying cell adhesion on SAMs is to understand the nature of the interactions between 
specific cells and surfaces, and how SAMs affect cell attachment and spreading. The 
clinical success of new implanted biomaterials depends on optimizing surface attachment 
of cells according to the surface properties of the materials, which includes surface 
heterogeneity, i.e. type and distribution of functional groups, presence of hydrophilic and 
hydrophobic domains, surface roughness. It is desirable to understand the composition of 
implant surfaces to support the attachment, growth and function of cells.295 288 296 
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Cell adhesion studies were carried out with keratinocyte cells on different SAMs, and the 
results were interpreted in terms of the effect of surface hydrophobicity and surface 
roughness on the number of cells adsorbed on the surface, their spreading and viability.  
 
b. Results and Discussion 
 
Ten different substrates (Figure IV.2) were selected to study the interaction of normal 
human keratinocyte (NHK) cells. Five substrates correspond to monolayers and 
multilayers with different ligand groups (pyridine, imidazole, dicarboxypyridine and 
dicarboxybenzene) as previously described for other applications. Only one sample was 
prepared with an additional layer of metal ions (Cu(II)). The studies were limited to 
monolayers because of the possibility of destroying the cells by interaction with the 
transition metals used in the preparation of the films. SAMs of commercially available 
dodecanethiol and ω-mercaptoundecanoic acid (6 and 7) were chosen to provide samples 
of complete hydrophobic and hydrophilic nature. Films 8 and 9 (Nitro and Irr) were used 
to study cell interaction with substrates that could potentially be used in photopatterning 
processes for a more dynamic study of cell interactions. Film 8 (Nitro) was originally 
prepared in our laboratory for fabrication of SAMs that can be selectively patterned to 
build micro and nanochannels. Irradiation of Film 8 (Nitro) with 300 nm UV light in a 
0.1 M HCl solution results in removal of the m-nitro benzyl group to yield Film 9 (Irr), 
which is simply a monolayer of mercaptoundecanoic acid (complete deprotection of the 
film was monitored by contact angle measurements). A monolayer of an alkanethiol 
functionalized with triethylene glycol (10) was used as control surface. SAMs of ethylene 
glycol derivatives have been used before as control samples because these monolayers 
resist cell adhesion19, 287, 297. In addition, bare gold substrates were also used as control in 
all experiments.  Table IV.1 provides characterization results for these films. 
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Figure IV.2: Structure of SAMs 
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Roughness Sample Arbitrary 
name 
Contact 
angle 
(degrees)
Thickness 
(nm) Sa/nm Sq/nm 
Bare gold substrate Au 76 ± 2 -- 1.5  
4-(10-sulfhydryl-decyloxy)-
pyridine 
Pyrdt (1) 90 ± 3 1.3 ± 0.3 1.7 2.1 
10-Imidazole decanethiol Imidt (2) 60 ± 3 0.9 ± 0.3 2.3 2.8 
4-(10-sulfhydryl-
decyloxy)pyridine 2,6-
dicarboxylic acid 
Chedt (3) 63.5 ± 
0.5 
1.2 ± 0.3 1.3 1.7 
1-(10-sulfhydryl-decyloxy)-
benzene-3,5-dicarboxylic acid 
Isodt (4) 52 ± 3 1.2 ± 0.3 1.3 1.9 
Cu(II)-Isodt Cu-Isodt (5) 55 ± 4 1.5 ± 0.3 2.5 2.7 
Dodecanethiol C12SH (6) 105 ± 2 1.0 ± 0.2 1.4 1.8 
ω-mercaptoundecanoic acid MUA(7) 15 ± 2 1.1 ± 0.3 2.9 3.8 
2-nitrobenzyl 11-mercapto 
undecanoic acid 
Nitro (8) 55 ± 2 1.1 ± 0.3 3.3 4.3 
ω-mercaptoundecanoic acid Irr (9) 16 ± 2 0.8 ± 0.3 3.3 4.1 
(1-mercaptoundec-11-
yl)tri(ethylene glycol) 
TEG (10) 55 ± 4 2.6 ± 0.3 3.4 4.2 
Sa: Average surface roughness 
Sq: Root mean square surface roughness 
Table IV.1: Characterization results of films 
 
Cell adhesion studies were carried out with keratinocyte cells. Figures IV.3-5 show 
results after staining a SAM with different dyes to allow quantification of cell adhesion 
and cell spreading. Figure IV.3 shows an image of cell adhesion on a SAM surface 
stained with two different dyes, Hoeschst and maleimide. Excitation with different 
wavelengths allows for detection of both dyes and different quantification of cells on the 
surface. Hoescht dye is a nuclear dye that allows for quantification of cell number on the 
surface. The maleimide dye is a membrane dye that specifically stains thiol groups on the 
inner portion of the membranes and allows for determination of cell spreading. The third 
image on Figure IV.3 is an overlay of the first two images that allows for different 
visualization of cell nucleus and the area of cell spreading. Quantification of cell 
spreading cannot be obtained directly from the image shown in Figure IV.3. 
Quantification of cell spreading was obtained as illustrated in Figure IV.4. An image of 
cells stained with maleimide was processed with Scion Image software to provide an 
image that allows for determination of spreading area. Cell counts were determined as 
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depicting in Figure IV.5. The images of cells stained with Hoescht were processed to 
provide a Scion Image that allows for determination of cell count.  
 
 
 
Figure IV.3: Representative images of cell adhesion on a SAM surface stained with 
Hoescht for quantifying cell number on the surface (top left), maleimide to determine cell 
spreading (top right) and an overlay of the two stains (bottom). 
 
 
This method of analyzing different images was used with all SAMs treated with NHK to 
determine cell count as an average number of cells/unit area. The results of cell adhesion 
for all surfaces are shown in Figure IV.6. From these results, it can be noticed that films 
with higher hydrophilicity show better affinity for keratinocyte adsorption. Monolayers 
with different ligands show relatively good affinity for the cells employed in the 
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experiments. Dodecanethiol and dicarboxypyridine-decanethiol SAMs show the least 
amount of adsorbed cells/unit area. The amount of cells adsorbed on TEG SAMs was 
significantly large considering that this surface was expected to resist protein adsorption. 
Films with poly(ethylene glycol) (PEG) have been reported to resist protein adsorption 
because interaction of the surface with proteins causes the extended PEG chains to 
compress and desolvate (PEG chains are solvated with as many as three water molecules 
associated with each monomer unit). Both the enthalpic change from desolvation and 
from chain compression serve to resist protein adsorption298. Whitesides has shown that 
PEG oligomers of any length also resist protein adsorption at sufficient densities299, 300. 
For short PEG oligomers it has been suggested that the nature of protein repulsion is 
electrostatic, and that the hydrophilicity of the internal units, the hydrophilicity of the 
terminal group, and the lateral packing density enhance hydration and protein 
resistance301, 302. The lost in protein repulsion for short oligomers, such as the effect 
observed for our films with monomer units, is related to the necessity of achieving a 
minimum density on the surface to completely inhibit adsorption.  
 
Figure IV.4: Images depicting how cell spreading was quantified. Cells stained with 
maleimide were imaged (left) and the image was then thresholded using Scion Image 
(middle). The thresholded image was then processed by Scion Image to determine 
spreading area (right). 
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Figure IV.5: Images depicting how cell number was quantified. The cells were stained 
with Hoescht and imaged (A), the image was then thresholded (not shown) and 
subsequently processed by Scion Image to determine a cell count (B). 
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Figure IV.6: Cell adherence results of NHK (coated with 0 µg/mL fibronectin) on 
different surfaces  
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c. Conclusions 
 
 
Self-assembled monolayers with different functional groups exposed at the air-monolayer 
interface were used to study cell adhesion of normal human keratinocytes cells. 
Preliminary results show that NHK cells adsorb to different surfaces, with higher number 
of adsorbed cells on hydrophilic monolayers.  
 
d. Future Work 
 
Monolayers of alkanethiols substituted with long olygomers of PEG are necessary as a 
better control surface for cell adhesion due to the poor results obtained with films of 
TEG.  
The study of cell adhesion could be improved by preparing films containing gradients of 
different functional groups, thus allowing to introduce a continuously varying chemical 
composition profile of different groups on the surface to study non-specific interaction 
and adsorption processes. We propose the preparation of gradients of monolayers bearing 
different ligands following a procedure previously reported in the literature293, 294, 303-305, 
which is illustrated in Figure IV.7. The gradient is achieved by slow diffusion of two 
different thiols through a Sephadex gel on a gold surface. Control of injection of each 
thiol solution, temperature, and time allows for formation of concentration gradients that 
can be characterized by ellipsometry, contact angle, XPS and IR.  
 
Additionally, patterned films could be prepared by microcontact printing. This could 
allow formation of micron features on the surface with two different ligands. Mixed films 
can be prepared by back filling the unpatterned region by immersion of the patterned 
substrate in a solution of a second thiol.  
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Thiol 1 Thiol 2
Sephadex gelglass filter
Gold  
Figure IV.7: Schematic drawing of the basic setup used for the preparation of molecular 
gradients as reported by Liedberg 293, 303 
 
 
e. Experimental 
 
Film preparation: 
Preparation of the films shown in Figure IV.2 and characterization by contact angle, 
ellipsometry and AFM was done following the procedures described before. Film 
formation was monitored by cyclic voltammetry in the presence of ferricyanide as 
described before. Film 9 (Irr) was obtained by exposure of Film 8 (Nitro) to UV 
irradiation (300 nm) using a Rayonet lamp, for 90 minutes. The sample was immersed in 
a solution of 0.1 M HCl to guarantee complete cleavage of the nitrobenzyl group 
according to literature procedures306, 307.  
 
Cell adhesion studies: 
For the cell spreading and cell adhesion studies, normal human keratinocytes were 
isolated and cultured following previously reported protocols308. Briefly, normal human 
keratinocytes (NHK) were isolated from neonatal foreskins with dispase (Gibco, 
Gaithersburg, MD) and cultured with a feeder layer of 3T3-J2 mouse fibroblast. 
Fibronectin was adsorbed to the surface of the SAMs 24 hrs prior to seeding at 
concentrations of 0, 50, and 100 ug/mL.  The SAMs were then rinsed for 15 minutes with 
70% ethanol, allowed to air dry and rinsed 3 more times with Dulbecco’s modified eagle 
medium (DMEM).  The SAMs were seeded with 50 µL of a cell suspension at a 
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concentration of 200,000 cells/mL.  Four hours subsequent to seeding the SAMs with the 
keratinocytes, the samples were fixed and stained with Hoescht and maleimide dyes to 
allow for microscopic visualization of the nucleus and cell membrane for the cell 
adhesion and spreading analysis. Fluorescence microscopy images were obtained with a 
Nikon Eclipse TS100 inverted fluorescent microscope coupled with a SpotRT CCD 
Camera (Diagnostic Instruments, Sterling Heights, MI). Quantitative analysis of cell 
adherence and spreading was performed using Scion Image. 
 
 
Synthesis: 
2-nitrobenzyl 11-mercaptoundecanoate (nitro) was synthesized in our laboratory by Peter 
Driscoll. The synthesis of compounds 1-4 (Figure III.70) was described in previous 
sections (III.1, III.2 and III.3). 
 
Preparation of (1-Mercaptoundec-11-yl)tri(ethylene glycol) 
 
(i) Undec-1-en-11-yl(triethylene glycol)  
O
O
O OH  
Preparation followed a published procedure286. A sample of 2 mL of 50% aqueous 
sodium hydroxide was mixed with 16 g (0.11 mol) of tri(ethylene glycol). The resulting 
solution was stirred for 30 minutes in an oil bath at 100 °C. A sample of 5 mL (22.8 
mmol) of 11-bromoundec-1-ene was added and the solution was stirred at 100 °C for 24 
h under nitrogen. The solution was cooled and then it was extracted six times with 
hexane, and dried with anhydrous sodium sulfate. The hexane portions were reduced to 
dryness and the remaining oil was purified by chromatography using dichloromethane 
methanol 49:1 as the mobile phase. Yield: 41%. 1H-NMR (400 MHz, CDCl3): δ 1.27 (s, 
12 H), 1.57 (q, 2 H), 2.02 (q, 2 H), 2.7 (br s, 1 H), 3.42 (t, 2 H), 3.5-3.68 (m, 12 H), 4.9-
5.0 (m, 2 H), 5.8 (m, 1 H). 13C-NMR (100 MHz, CDCl3): δ 26.1, 29.3, 29.4, 29.5, 29.7, 
29.8, 29.9, 30.0, 34.3, 62.1, 70.4, 70.7, 71.0, 71.8, 114.5, 139.5 
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(ii) [1-(acetylthio)undec-11-yl]tri(ethylene glycol)  
O
O
O
OH
S
O
 
Preparation followed a published procedure286. A sample of 2.8 g (9.2 mmol) of undec-1-
en-11-yl(triethylene glycol)  was dissolved in 20 mL of dry THF. 50 mg of 2, 2’-
azobisisobutyronitrile and 7 mL (97.9 mmol) of thioacetic acid were added and the 
mixture was irradiated for 8 hours with a 450-W medium-pressure mercury lamp filtered 
through Pyrex. The solvent was evaporated and the residue was purified by column 
chromatography with dichloromethane methanol 49:1. Yield: 95%.  1H-NMR (400 MHz, 
CDCl3): δ 1.2 (br s, 14 H), 1.56 (m, 4 H), 2.32 (s, 3 H), 2.86 (t, 2 H), 3.44 (t, 2 H), 3.5-
3.68 (m, 12 H). 13C-NMR (100 MHz, CDCl3): δ 26.1, 28.8, 29.1, 29.2, 29.3, 29.4, 29.5, 
29.6, 30.7, 70.0, 70.6, 71.5, 196.1 
 
(iii) (1-mercaptoundec-11-yl)tri(ethylene glycol)  
O
O
O
OH
HS  
A sample of 1 g (2.64 mmol) of [1-(acetylthio)undec-11-yl]tri(ethylene glycol) was 
dissolved in ethanol and 0.1 g KOH was added. The solution was stirred for 30 minutes 
and then acetic acid was added to quench the reaction. The solution was filtered, diluted 
with water and extracted with ethyl acetate. The organic fraction was dried with sodium 
sulfate, filtered and the solvent was removed to afford a yellow solid. Yield: 30% 
1H-NMR (400 MHz, CDCl3): δ 1.2-1.4 (m, 15 H), 1.58 (m, 4 H), 2.68 (q, 2 H), 3.43 (t, 2 
H), 3.5-3.68 (m, 12 H). 13C-NMR (100 MHz, CDCl3): δ 26.5, 28.7, 28.9, 29.4, 29.5, 29.6, 
29.7, 29.8, 29.9, 30.0, 70.4, 70.9, 71.0 
 
 
 260
IV.2.2 Nanoscale Investigation of Microbial Adhesion to SAMs 
 
This work has been done in collaboration with Professor Terri A. Camesano and Ray J. 
Emerson IV from the Bacterial Adhesion and Interaction Forces Laboratory, Department 
of Chemical Engineering at WPI. 
 
a. Background 
 
Atomic Force Microscopy (AFM) has been applied to biological systems to study the 
physicochemical properties of microbial surfaces309, to characterize specific chemical 
interactions at the nanoscale310, and to characterize bacterial-biomaterial interactions 
using functionalized AFM probes311, 312. Immobilization of microbes on AFM probes 
allows studying the interaction with a variety of surfaces. For example, microbe 
functionalized AFM tips have been used to study interactions with organisms  
Saccharomyces cerevisiae, Dictyostelium discoideum313, 314, and Candida parapsilosis 
cells immobilized on AFM cantilevers were used to study interactions with silicon rubber 
and bacterial Pseudomonas aeruginosa biofilms315. The attachment of clinically relevant 
microbes to AFM cantilevers offers the possibility of studying microbe interactions with 
materials that could potentially be used on medical implants. The importance of studying 
biofilms for medical implants is to decrease the risk of microbial infections from medical 
implants. 
 
b. Results and Discussion 
 
Single, viable bacterial cells of Staphylococcus epidermis were immobilized on a silicon 
cantilever by adhesion of the cell to a film of hexadecanethiol adsorbed on the AFM tips. 
The interactions between these modified AFM tips and several substrates were 
characterized. The films used for this study included all monolayers with the four 
different ligands previously described, films of isophthalic acid decanethiol complexing 
Ag(I) ions, dodecanethiol SAMs, and tri(ethylene) glycol terminated SAMs as a control 
surface.  
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Most films show decreased attractive forces on approach and also decreased adhesive 
forces on retraction curves as compared to control experiments, with samples containing 
isophthalic acid groups on the surface, or isophthalic acid complexing Ag(I) ions 
showing the most promising results in terms of lowest adhesion forces for the S. 
epidermis probe. Figures IV.8 shows results from approach curves obtained for different 
films. Upon approach of the AFM tip, repulsive (positive force) or attractive (negative 
force) interactions occur between the tip and the substrate. Figure IV.8 shows that the 
repulsive interactions are higher for films of isophthalic acid decanethiol or isophthalic 
acid decanethiol + Ag(I) at very short distances. This is representative of films that show 
poor adhesion towards the probe. Coating gold substrates with Isophthalic acid 
decanethiol provides an easy way to prevent microbe attraction to the gold surface. This 
result is significant in the development of new implant materials based on surface coating 
by self-assembled monolayers.  
 
The results from retraction curves are shown in Figures IV.9. Upon retraction of the AFM 
tip, adhesion of the microbes to the surface would result in negative force values, while 
poor adhesion result in low force values as the microbe modified tip can easily retract 
from the surface. Samples containing isophthalic acid show very small (0.01-0.04 N) 
adhesion forces in the retraction curves, with samples of isophthalic acid + Ag(I) showing 
a more regular distribution of pull-off events. 
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Figure IV.8: Force/separation curves obtained during approach for a gold slide and two 
samples with isophthalic acid decanethiol 
-18
-13
-8
-3
2
0 10 20 30 40 50 60
separation/nm
Fo
rc
e/
nN
Au ISO-1 ISO-2
 
Figure IV.9: Force/separation curves obtained during retraction for a gold slide and two 
samples with isophthalic acid decanethiol 
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c. Conclusions 
 
AFM tips modified by attachment of a microbe to the cantilever were used to investigate 
the interactions between the tip and different monolayers. The results show that 
monolayers of isophthalic-decanethiol resist adhesion of the microbe which is observed 
in the behavior of the approach and retraction force curves of the modified AFM tip to 
and from the surface.  
 
c.       Future Work 
 
The nature of the interaction (repulsion or attraction) between the different surfaces and 
the microbes is still not clearly understood. More characterization is required with other 
samples, such as dicarboxybenzene-decanethiol monolayers complexed to metal ions 
other than Ag(I) to determine if the metal ion layer has an effect on the interaction with 
the modified AFM tips. Also, characterization microbe-surface interactions will be 
obtained for films physisorbed and chemisorbed on glass surfaces. Physisorbed films can 
be prepared from solutions of alkanethiols (such as those used in the experiments 
described in this chapter). This process gives a non-uniform film that has more than a 
single layer. Difference in the approach/retraction force curves between these 
physisorbed films on glass and SAMs on gold would be used to determine if the presence 
of a single, uniform layer is indeed necessary for these studies. Chemisorbed films on 
glass could be prepared after synthesizing alkyltrichlorosilanes modified with different 
ligands. The synthesis of some of these compounds, such as an alkyltrichlorosilane 
modified with 5-hydroxy isophthalic acid was already described in Chapter III-D. 
 
e. Experimental 
 
Preparation of SAMs on gold was described before. The detail procedure for attachment 
of microbes to AFM tips, characterization of the modified tips, and the standard method 
for acquisition of approach and retraction force curves were described previously315. 
Briefly, the cantilevers were placed in a droplet of 1-hexadecanethiol solution (10 mM in 
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ethanol), removed and allowed to dry. The cantilever was attached to the extension arm 
of a custom-designed triaxial micromanipulator. The cantilever was oriented over a cell 
culture of S. epidermis (25 µL, ~ 1011 cells/mL) and was left for 5 minutes to allow cell 
adhesion to the hexadecanethiol layer. The cantilever was removed and dried for 5 
minutes in a laminar flow hood. Adhesion, number of cells adhered, and cell location 
were determined using scanning electron microscopy. Approach and retraction force 
curves between the modified AFM tips and different SAMs were measured with a 
Dimension 3100 atomic force microscope with a Nanoscope IIIa controller (Digital 
Instruments, Santa Barbara, CA). 
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V. APPENDICES 
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V.1 Synthetic Schemes and Spectroscopy Data 
 
Scheme V.1: Synthesis of alkanethiols (C3, C10, C16) modified with dicarboxypyridine 
ligands 
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Scheme V.2: Synthesis of alkanethiols (C10 and C16) modified with 5-hydroxy-
isophthalic acid ligands 
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Scheme V.3: Synthesis of alkanethiols (C10 and C16) with 4-hydroxypyridine ligands 
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Scheme V.4: Synthesis of 1-(10-mercaptodecyl)-1H-imidazole 
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Scheme V.5: Synthesis of 1-(10-mercaptodecyloxy)-pyrene 
 
OH
H
O
O
Br
O
S
O
O
SH
OO
HO
Cl
1. CH2Cl2
     reflux
2. KOH
    THF/MeOH/H2O 
    r.t. 1
1 Br Br
K2CO3
acetone
reflux
2
2 K+ S
O Ethanol
reflux
3
3
KOH/Ethanol
r.t.
 
 
 
 
 
 
 311
 
 
 
 
 
 312
 
 
 313
 
 
 
 314
 
 
 315
 
 
 
 
 
 
 316
Scheme V.6: Synthesis of ethylenediamine (triacetic acid)-decanethiol  
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Scheme V.7: Synthesis of (1-Mercaptoundec-11-yl)tri(ethylene glycol) 
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Scheme V.8: Synthesis of pyrene compounds monosubstituted with dicarboxypyridine or 
4-hydroxy-isophthalic acid ligands 
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Scheme V.9: Synthesis of pyrene compounds disubstituted with dicarboxypyridine and 
4-hydroxy-isophthalic acid ligands 
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Scheme V.10: Synthesis of 1-(pyridyl-4’-oxymethyl)-pyrene 
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Scheme V.11: Synthesis of 1-(pyren-1-yl-methyl)-1H-imidazole 
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Scheme V.12: Synthesis of 4,4’-di[Diethyl (4-ethoxy)pyridine 2,6-dicarboxylate]pyridil 
hexafluorophosphate 
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Scheme V.13: Synthesis of 10-[4-(ethynyl)pyridine 2,6-dicarboxylic acid]- 5,15-
diphenylporphyrin 
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Scheme V.14: Synthesis of 5,15-di(p-thiophenyl)porphyrin 
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Scheme V.15: Synthesis of decyltrichoro and decyltriethoxysilane compounds 
substituted with dicarboxypyridine and 4-hydroxy isophthalic acid ligands 
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Scheme V.16:  Synthesis of Fmoc-3-(N’-ethyl-3-carbazolyl)-d,l-alanine 
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Scheme V.17: Synthesis of FmocECzAla-(Aib-Ala)6-lipoamide peptide 
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Scheme V.18: Synthesis of tBocPyAla-(Aib-Ala)6-lipoamide peptide 
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